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Chapter 1 




We investigated the functional morphology of lingual prey capture in the blue-tongued skink, 
Tiliqua scincoides, a lingual-feeding lizard nested deep within the family Scincidae, which is 
presumed to be dominated by jaw-feeding. We used kinematic analysis of high-speed video to 
characterize jaw and tongue movements during prey capture. Phylogenetically informed 
principal components analysis of tongue morphology showed that, compared to jaw-feeding 
scincids and lacertids, T. scincoides and another tongue-feeding scincid, Corucia zebrata, are 
distinct, suggesting an enhanced ability to generate hydrostatic shape change. Lingual feeding 
kinematics show substantial quantitative and qualitative variation among T. scincoides 
individuals. We found that T. scincoides uses hydrostatic elongation and deformation to protrude 
the tongue, establish tongue-prey contact, and retract. A key feature of lingual prey capture in T. 
scincoides is the extensive surface area contact used to for wet adhesion of the prey item. This 
adhesion is mechanically reinforced during tongue retraction through formation of a distinctive 
‘saddle’ shape in the foretongue that supports the prey item, which presumably helps to reduce 
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INTRODUCTION 
Owing to the great diversity in form and function of a limited number of homologous parts, the 
vertebrate feeding system offers great potential for studies of phenotypic evolution (Schwenk, 
2000b). Feeding in lizards has been particularly well-studied (e.g., Bels et al., 1994; Bels et al., 
2019a,b; Reilly & McBrayer, 2007; Schwenk, 2000; Schwenk & Wagner, 2001; Schwenk & 
Throckmorton, 1989; Wagner & Schwenk, 2000), largely because of the extreme variation 
lizards manifest in tongue morphology and their combined use of the tongue in both feeding and 
chemosensory systems (Bels et al., 1994; Schwenk, 1988, 1995, 2000; Schwenk & Wagner 
2001; Wagner & Schwenk 2000). Across lizards, the tongue plays a key role in all aspects of 
feeding, from identifying and locating food using the vomeronasal chemosensory system, 
mediated by tongue-flicking behavior, to the capture of prey, and its manipulation and transport 
once it is in the mouth. However, the role of the tongue during each of these different feeding 
functions varies significantly across lineages (e.g., Anderson, 2016; Anderson & Deban, 2010; 
Bels, 2003; Bels et al., 1994; Bels et al., 2019a,b; Delheusy & Bels, 1992, 1999; Herrel et al., 
1996, 1998, 2001; Herrel & de Vree, 1999; Schwenk, 1993, 2000a; Wainwright et al., 1991). For 
example, Schwenk (1988) and Schwenk & Throckmorton (1989) showed that there is a 
functional dichotomy among lizards in the way that they capture small prey items—either 
protruding the tongue from the mouth as a prehensile organ or capturing the prey between the 
jaws. They suggested that lingual prey capture was restricted to a single clade of squamates, the 
Iguania, plus the extant sister taxon to Squamata, Sphenodon punctatus, due to specialization in 
the lingual morphology for lingual prey capture in these taxa that is absent in other lizard groups 
and the fact that lingual prey capture had not been observed in other taxa. It was further proposed 
that the dependence of all other squamates on the jaws for prey capture is functionally correlated 
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with modification of the tongue for chemosensory tongue-flicking, particularly the loss of the 
critical tongue adhesive mechanism, rendering these species incapable of using lingual prey 
capture (Schwenk 2000a; Schwenk & Wagner, 2001; Wagner & Schwenk, 2000). 
Although subsequent work has corroborated the suggestion of a prey capture dichotomy 
among lizards, the hypothesis that non-iguanian taxa are unable to use their tongues to capture 
prey owing to lingual modification has been falsified by recent observations. Lingual prey 
capture has now been documented in several non-iguanian species, including two scincids, 
Tiliqua scincoides (Smith, 1937; Smith et al., 1999) and Eumeces schnideri (Daudin, 1802; 
Reilly & McBrayer, 2007), two cordylids, Oroborous cataphractus and Karusasaurus 
polyzonous (Boie 1828; Smith, 1838; Broeckhoven & Le Mouton, 2013, 2015), and two 
gerrhosaurids, Zonosaurus lauticaudus (Andersson 1910; Urbani & Bels, 1995) and 
Gerrhosaurus major (Duméril, 1851; Montuelle et al., 2009, 2010). Importantly all of these 
species are deeply nested within families that are presumed to be dominated by jaw-feeders. 
Lingual prey capture in these lineages is probably recently derived from jaw-feeding ancestors. 
This is reflected in the fact that in these species lingual prey capture is facultative, i.e., they 
employ both tongue- and jaw-based prey prehension, whereas iguanians (and Sphenodon) are 
obligate lingual feeders, at least on small prey (Schwenk, 2000a). Previous studies on lingual 
feeding in non-iguanian species have focused on the descriptive kinematics of lingual prey 
capture, or the prey characteristics that may mediate the switch from jaw prehension to lingual 
prehension. Little attention has been paid, however, to the mechanics of lingual prey capture. 
Here we describe the functional morphology of lingual prey capture in the blue-tongued skink, 
Tiliqua scincoides, with a focus on tongue morphology and the mechanism of lingual prey 
prehension. By elucidating the mechanics of prey capture and its relationship to tongue 
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morphology, we will be better positioned to address evolutionary patterns, such as the extent to 
which the functional demands of lingual prehension drive phenotypic convergence among 
disparate lineages. 
Previous work on feeding in Tiliqua has largely focused on shingleback lizards, Tiliqua 
(formerly Trachydosaurus) rugosa (Gans et al., 1985; Gans & De Vree, 1986). This work has 
focused on intraoral processing of food, with little to no work on prey capture. Gans et al. (1985) 
described how T. rugosa feeds on snails, with specific emphasis on patterns of activation in jaw 
musculature used for cracking the shell. Additionally, Herrel, et al. (1999) documented jaw and 
tongue muscle activity in T. rugosa and Corucia zebrata during intraoral transport and 
processing to examine ways in which muscle activity is modulated based on prey type in lizards 
with different diets. Comparatively less work has been done on feeding in T. scincoides. Metzger 
(2009) compared intraoral transport kinematics in T. rugosa and T. scincoides to that in an 
iguanian, Pogona vitticeps, to quantify how prey attributes affect kinematics. Most relevant to 
this study, Smith et al. (1999) investigated whether the switch between lingual prehension and 
jaw prehension in T scincoides was prey-size mediated, finding that the tongue was used to 
capture smaller prey and the jaws were used to capture larger prey. None of these studies, 
however, considered the mechanism of lingual prey capture or the form and function of the 
tongue in relation to prey capture. 
To investigate the functional morphology of lingual prey capture in T. scincoides, we 
combined high-speed videography of lingual prey capture with gross anatomical and histological 
observations of the tongue. We analyzed both quantitative and qualitative aspects of the 
kinematics to understand how the tongue is manipulated to perform lingual prey capture. Finally, 
in order to examine morphological differences between lingual-feeding scincids and jaw-feeding 
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relatives, we conducted a comparative, phylogenetically-informed morphological analysis of the 
tongue and sublingual glands. 
 
MATERIALS AND METHODS 
I. Animals and Animal Care 
Five T. scincoides individuals were used for this study (Table 1). Three individuals (Leo, Stella, 
and Tiny) were loaned by the Children’s Museum in West Hartford, CT. Individuals from the 
Children’s Museum were brought to the lab at the University of Connecticut for filming sessions 
and returned to the Children’s Museum later the same day and were never housed at the 
University of Connecticut. The remaining two individuals (Stumpy and Louis) are personally 
owned by KS and were temporarily kept in the lab at the University of Connecticut. These 
individuals were housed in 30-gallon glass tanks provisioned with a layer of newspaper on the 
floor, a shelter, a heating rock, a heat lamp, and standing water ad libitum, and maintained on a 
12 hr/12 hr light-dark cycle. Individuals were fed a mixed diet of vegetables, fruit, canned dog 
food, and mealworms twice per week, and were not fed the day prior to filming to ensure that 
they would be motivated to take food. Tanks were regularly cleaned with soap and hot water. 
 
II. Tongue Morphology 
We compared superficial tongue form in T. scincoides to that of six jaw-feeding skinks and two 
jaw-feeding lacertids (outgroup to the Scincomorpha), as well as published descriptions or 
photographs of other scincid and lacertid species from the literature. We focused on comparing 
tongue shape, papillary form, and the relationship of the foretongue to the sublingual glands 
using gross anatomical specimens. A more detailed comparison was made using data from 
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histological sections with the goal of identifying possible differences in morphology between 
tongue- and jaw-feeding skink species. 
 As part of a preliminary investigation into the evolution of lingual feeding in T. 
scincoides, we discovered that Corucia zebrata (the prehensile-tailed skink) also employs lingual 
prey capture (Hewes and Schwenk, unpublished data). C. zebrata is putatively placed as sister to 
all other members of the Egernia group of skinks including Tiliqua (Gardner et al., 2008; 
Reeder, 2003). Thus, we were able to compare morphological attributes of two tongue-feeding 
skinks (T. scincoides and C. zebrata) to several jaw-feeding species (Table 2). Sectioned material 
was prepared using standard methods of paraffin histology (Presnell & Schreibman, 1997). 
Specimens were sectioned at 8–10 µm and stained with either hematoxylin and eosin or Weigert 
iron hematoxylin and picro-ponceau (slightly modified from Presnell & Schreibmann, 1997). 
Images of histological sections were made using a Zeiss compound microscope with an attached 
digital camera. Large sections were ‘stitched’ together from multiple, overlapping images using 
the software AutoStitch © (Brown & Lowe, 2007). 
To compare lingual morphology quantitatively, we measured several morphological 
features for a phylogenetic principle components analysis (pPCA; Revell, 2009, 2012). For the 
pPCA we included all specimens listed in Table 2, but only one T. scincoides specimen could be 
used because the second specimen was missing part of the sublingual gland and could not be 
accurately measured. We measured morphological features of the tongue that are putatively 
important to hydrostatic deformation and mucus secretion, as these features are likely to be 
important for establishing the tongue-prey bond in non-iguanian squamates using lingual prey 
capture (Figure 1). An explanation of the presumed function of each measurement is provided in 
Table 3 (see Gilbert et al., 2007; Kier & Smith, 1985; Noel & Hu, 2018; Smith & Kier, 1989 for 
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information on muscular hydrostats). Sections were photographed on an Olympus CX21 
microscope at 5x magnification using an iPad ocular attachment and a micrometer scale slide for 
reference. Measurements of muscle and glandular area were conducted in the freeware program 
FIJI (Schindelin et al., 2012). Measurements that required counting individual muscle fibers 
were completed directly on the microscope at 10X magnification for superior resolution. 
We measured the above morphological traits in 11 sections per specimen and used the 
average value for each specimen in the pPCA. Slides were chosen at a landmark defined as 
approximately 25% along the length of the tongue, anterior to posterior. The area immediately 
surrounding and anterior to this landmark corresponds to the foretongue, which includes the 
region of tongue-prey contact. The section corresponding to this 25% landmark was defined as 
section 0. In order to capture variation around section 0, every other section in the anterior (-) 
and posterior (+) directions was also measured for a total of 11 sections per specimen. If any 
sections were damaged, then the next available section was used. All specimens used for 
measurement are shown in Figure 2. 
 
III. Phylogenetic principle components analysis 
To reveal patterns of morphological variation in functionally relevant traits, we performed a 
phylogenetic principle components analysis on ln-transformed morphometric data in R v.3.5.2 (R 
Core Team, 2017) using the phytools package v.6-99 (Revell, 2012) and a trimmed version of the 
ultrametric tree by Tonini et al. (2016). Within phytools we set “method = corr” in order to 
employ a correlation matrix to standardize the data and set “mode=BM”. 
 
IV. Videography  
 8  
High-speed video was used to characterize the kinematics of lingual prey capture in T. 
scincoides. Individuals were placed in a 20-gallon aquarium for filming so their location on the 
filming stage could be controlled, and only one individual was filmed during each session. 
Before a filming session, an individual was placed in the aquarium under 3 banks of continuous 
(video) LED lights (500 LED lights, ikan®, Houston, TX) and allowed to acclimate for 30 min. 
In order to get the individual used to having its body oriented in a specific way in the aquarium, 
we also placed a heating rock in the aquarium during the acclimation period and while filming. 
During the acclimation period and the filming session, the aquarium was left open at the top to 
prevent animals from overheating. Prey capture sequences were filmed using an Edgertronic 
SC1, monochrome camera fitted with a Nikon 105 mm, f/2.8 macro lens, at 400 or 500 
frames/second (fps). For each prey capture sequence, a food item was placed on a pre-marked 
point on the heating rock such that it was in the field of view and plane of focus of the camera. 
Individuals were fed ‘superworms’ (beetle larvae, Zophobas morio, mean weight: 0.14 g, 0.03% 
of lizard weight on average). Filming sessions lasted one hour or less and were terminated if an 
individual refused food for 5 minutes or longer.  
To investigate how prey type or weight might affect lingual prey capture, we also fed 
lizards neonate mice (pinkies; mean weight: 1.57 g). The pinkies were, on average, ten times 
heavier than superworms (0.38% of lizard weight), and while these prey items vary in both 
weight and type, we believe weight to be the predominant distinguishing feature because both 
present a smooth, dry surface. Only three individuals ate both superworms and pinkies, so these 
results are preliminary and we comment on them only briefly.  
 
V. Kinematic Data Analysis 
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i. Gape cycle plots and phases 
We used gape cycle plots to depict the change in gape angle during a prey capture sequence, 
from initial jaw opening to jaw closing. To quantify gape angle, anatomical landmarks in the 
videos were digitized using the freeware program Tracker® v.4.11.0 (Brown, 2017). Only videos 
in which the individual was lateral to the camera were used for analysis. In Tracker, each video 
was calibrated using a scale bar, which was set to the known nostril-eye distance (mm) of each 
individual (Figure 3). Axes were placed to orient the tracking software, with the y-axis being the 
margin of the frame toward which the animal was facing and the x-axis being the substrate 
directly beneath the prey item. To measure gape angle, landmarks were digitized on the upper 
jaw and lower jaws at distinct labial scale margins, and at the base of the tympanum, which 
marks the position of the jaw joint (Figure 3). Every second frame was digitized. Movement of 
the digitized points was tracked from the first sign of jaw opening until the jaws closed on the 
prey item. We used 6-12 lateral prey capture sequences to create a gape angle plot for each 
individual.  
 Variation in duration of a prey capture sequences makes direct comparisons of jaw 
kinematics among individuals and species difficult. Therefore, in addition to plotting gape angle 
vs. time, we also plotted the gape angle v. percent of total sequence duration. Kinematic data 
were exported from Tracker® and the time-based x-axis was converted to a percentage-based x-
axis in R v.3.5.2 (R Core Team, 2017). Once all capture sequences for an individual were given 
as gape angle v. percent of total sequence duration, we averaged gape angle values within each 
percentage to create an average gape angle plot for each individual to assess the overall shape 
and variance in the cycle. For average gape cycle plots the data was smoothed using the 
‘smooth.spline’ function in the R stats package v.3.6.2 with spar = 0.4 to allow for depiction in 
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overall shape of the gape cycle while reducing residual noise from the digitizing process. Data 
from all five individuals were also combined by percentage to make a single ‘species plot’ for T. 
scincoides. 
In addition to creating gape cycle plots, we also quantified the relative (percent) duration 
of standard gape cycle phases (Bramble & Wake, 1985) for each individual. Lizard gape cycle 
phases are variable, but typical ingestion (capture) cycles in lingual-feeding species consist of the 
following distinct phases: slow open I (SOI), slow open II (SOII), fast open (FO) and fast close 
(FC) (Schwenk & Throckmorton, 1989; Schwenk, 2000a). If a prey item is held between the 
jaws after capture, a slow close-power stroke (SC-PS) is sometimes identified, as well. We 
measured relative gape phase durations for each capture sequence by marking inflection points in 
the gape plot indicating a change in rate of jaw opening or closing which indicate a transition 
from one phase to another. Three transition points were identified by eye and recorded for all 
standardized capture sequences for each individual: (1) SOI to SOII; (2) SOII to FO; and (3) FO 
to FC. If the point of transition was not obvious based on visible inspection of the gape plot, it 
was not recorded. The relative duration of each gape phase was measured for each sequence and 
the mean and standard deviation were calculated for each individual and all individuals 
combined for average species values. 
ii. Tongue phases 
Despite the key role of the tongue in successful completion of lingual prey capture, its 
movements are not often quantified in feeding studies beyond values such as maximum 
protrusion distance. In order to better characterize lingual prey capture in T. scincoides, we 
measured the relative duration of tongue protrusion, tongue-prey contact, and retraction and 
correlated them with the gape cycle. We define the start of protrusion as the frame at which the 
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tongue was first be seen moving anteriorly in the mouth. However, we note that in some cases 
the tongue was moving anteriorly in the mouth before the jaws were open enough for it to be 
visualized. Thus, it is possible that tongue protraction lasts slightly longer than we find here. The 
start of contact was defined as the frame at which the tongue first made contact with a prey item. 
The start of retraction was defined as the frame in which the tongue is first seen to move 
posteriorly towards the mouth. To quantify the relative duration of the tongue phases, we 
counted the number of video frames encompassed by each phase and divided this by the frame 
rate. We then divided phase length duration by the total duration of the capture sequence to 
obtain the relative duration (in percent) of each tongue phase. For this analysis we were able to 
include additional video sequences that were insufficiently lateral to be included in the gape 
cycle analysis. 
iii. Prey Types 
To determine if there was a significant difference in relative tongue phase duration between prey 
types, we used a nested ANOVA to assess variation both between prey types and between 
individuals. We employed the ‘aov’ function in the R stats package v.3.6.2 and then used a 
Tukey posthoc test via the ‘TukeyHSD’ function in the stats package to determine pairwise p-
values between prey types and individuals with correction for multiple comparisons. 
 
RESULTS 
I. Morphology of the tongue in T. scincoides 
i. Gross Anatomy 
The tongue in T. scincoides appears to be significantly tapered anteriorly, but this is an artifact of 
the fact that the lateral margins of the foretongue are rolled ventrally when the tongue is at rest 
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within the mouth (Figures 4 and 5). Posteriorly the tongue is widest at approximately three 
quarters of its total length. It ends in two medially curved ‘posterior limbs’ at the larynx. The 
foretongue is flanked by the sublingual plicae containing extremely large sublingual glands 
(Figures 2, 4, 5). The anterior portion of the sublingual plicae are actively elevated during tongue 
protraction. Along its entire length, the dorsal tongue surface is covered in flattened, scale-like, 
imbricate papillae (sensu Schwenk, 1988) with free posteriolateral margins that overlap slightly 
with the adjacent papilla. On the anterior half of the tongue the papillae are relatively small and 
uniform in size. Posteriorly, the papillae along the sides of the tongue are similar to those 
anteriorly, while papillae in the midline are larger. Papillae extend to the lateral margins of the 
tongue except at the tongue tip. The tongue tip is slightly notched, and its lateral margins are 
smooth and devoid of papillae. The underside of the tongue tip is covered with two thick, 
keratinized pads called ventral pallets (Figure 4). 
 The tongue of T. scincoides is distinct from that of other skinks in several ways (Figure 4; 
see also Salem et al., 2017, 2019; Sarhan & Hussein, 2012; Wassif, 2001, 2002; Yang & Wang, 
2016). Overall, it is very broad, particularly the foretongue, which is much wider than in other 
(known) skinks when unfurled. In most skinks the tongue is relatively narrow along its entire 
length and continuously tapered to a narrow foretongue. It is not curled ventrally along its 
margins as it is in Tiliqua. The extent of the terminal bifurcation is variable among skink species, 
but never very deep. However, in Tiliqua it is unusually shallow). In lacertids and some other 
lizard lineages, the lingual bifurcation is often very deep, forming a so-called ‘forked’ tongue 
(e.g., Cizek et al., 2019; Mahmoud et al., 2019; Schwenk, 1994). Images of the tongue in living 
specimens demonstrate that the foretongue is also exceptionally thin, almost spatulate, when 
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unfurled outside of the mouth (Figure 4H). The sublingual glands are also notable for their large 
size, which is especially apparent in histological sections (Figure 5). 
ii. Histology  
The anteriormost transverse sections through the tongue tip show undifferentiated muscle fibers 
and an absence of papillae on the dorsal tongue surface (Figure 5). The tongue tip sits between 
two large, circular sublingual glands. Moving posteriorly, just before the lateral margins of the 
foretongue curl ventrally, the two major, paired extrinsic muscles, the mm. hyoglossus and 
genioglossus, become apparent. The genioglossus muscles, which eventually create the frenulum 
attaching the ventral side of the tongue to the floor of the mouth, are not yet connected to the 
tongue body. The m. hyoglossus bundles are small, located approximately halfway between the 
midline and the lateral margin of the tongue. They are surrounded by a number of circular fibers. 
In the tongue body, dorsal to the hyoglossus bundles, are vertical and transverse fibers, but they 
have not yet differentiated into distinct ‘verticalis’ and ‘transversalis’ fiber systems, which 
occurs more posteriorly. The dorsal longitudinal fiber system is apparent, and can be found 
beneath. Some of these fibers turn dorsally and are evident within the core of the papillae. The 
papillae are short and rectangular in transverse section, displaying a robust muscular core that is 
made up of the fibers from the dorsal longitudinal and vertical fiber systems. Collagen fibers and 
small blood vessels are also found within the papillary cores. Papillae are capped with a lightly 
keratinized, squamous epithelium and their sides e are devoid of mucocytes. The tongue body 
displays unusually large vascular sinuses, which appear to be both arterial and venous based on 
the thickness of their walls. The sublingual glands grow larger and become more ovoid as one 
progresses posteriorly.  
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Progressing posteriorly, the tongue body exhibits muscular morphology that is retained 
throughout most of the tongue’s length (Figure 5D). The m. hyoglossus bundles are larger in size 
than in the tongue tip, but never take up the majority of the tongue’s cross-sectional area. They 
are surrounded by a distinct layer of circular fibers. In the unattached, anterior part of the 
foretongue, a second pair of longitudinal fiber bundles is apparent lateral to the mm. hyoglossus. 
These are anterior extensions of the mm. genioglossus muscles that join the tongue posteriorly 
forming its lateral walls (see Figure 5, F-G). Anterior, longitudinal genioglossus muscle bundles 
are uniquely derived in scincids (Schwenk, 1988). Longitudinal, vertical, and transverse fiber 
systems are well defined. The transverse fibers are most apparent directly above the hyoglossus 
bundles; more dorsally, they become interwoven with the vertical fibers. Papillary form remains 
similar throughout the length of the tongue. Notably, the papillae lack a mucous epithelium 
throughout most of the tongue’s length. Papillary mucocytes only become apparent in the the 
posterior part of the hindtongue, where they exist in small numbers. Throughout the foretongue, 
the sublingual glands increase dramatically in size, running from the floor of the mouth to the 
dorsal side of the tongue. Large vascular sinuses persist throughout the length of the tongue, 
becoming larger posteriorly.  
At approximately half the tongue’s length the mm. genioglossus muscles attach just 
lateral to the hyoglossus bundles and their associated circular fibers, and wrap around the sides 
of the tongue body. Attachment occurs at approximately the anterior tip of the hyobranchial 
lingual process. Anteriorly, the lingual process sits between the two genioglossus muscles, but 
posteriorly it comes to lie between the ventral sides of the hyoglossus bundles. The sublingual 
glands remain unusually elongate but decrease in width at mid-tongue. The most notable 
differences between the mid tongue and the hind tongue are the size of the m. hyoglossus 
 15  
bundles and size of the sublingual glands. In the hindtongue, the m. hyoglossus bundles are 
larger, taking up more space within the tongue body. The sublingual glands show a pronounced 
reduction in size moving posteriorly into the hindtongue, eventually disappearing. 
 In most respects, T. scincoides is similar morphologically to other scincids and lacertids, 
but with differences in certain features. Whereas the papillae in most skinks have some mucous 
epithelium throughout the hindtongue and sometimes into the foretongue, T. scincoides has no 
mucocytes on the tongue except for the posterior end of the hindtongue. It also has relatively 
much more massive sublingual glands. Compared to other scincids and lacertids, T. scincoides 
has more highly developed longitudinalis, transversalis, verticalis and circular (intrinsic) 
musculature, and relatively much narrower hyoglossus muscle bundles. Finally, T. scincoides is 
larger in body size than the other scincids and lacertids considered here, with the exception of C. 
zebrata. As such, the absolute dimensions of the tongue in both species are typically greater, 
particularly in total height and width. Notably, C. zebrata is similar to T. scincoides in several 
features, including the presence of large, densely packed sublingual glands, elaborated intrinsic 
musculature, and relatively small hyoglossus muscle bundles surrounded by a well-developed 
circular fiber system. C. zebrata differs from T. scincoides, as well as other scincids and 
lacertids, in having numerous acinar glands in the axillary regions between adjacent papillae, 
which occur even over much of the foretongue. Papillary form is similar in all species examined. 
  
II. Phylogenetic principle components analysis  
The lingual feeding skink species, T. scincoides and C. zebrata are separated from other scincids, 
and lacertids along both pPC1 and pPC2 (Figure 6). The variance explained by each principle 
component is given in Table 4, with the first four components explaining over 99% of the 
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variation. The first principle component explains the majority of the variation at 75.0%. All traits 
except for circular fiber number have high, negative loadings on pPC1, suggesting that this 
principle component is dominated by tongue size and that most traits vary between species 
largely on the basis of tongue size (Table 5). T. scincoides and C. zebrata separate from other 
species on this axis by being larger in size. The second principle component explains much less 
variation than the first at 14.5%. pPC2 is comprised of circular fiber number and hyoglossus 
area, but the former loads positively while the latter loads negatively (Table 5). T. scincoides and 
C. zebrata group towards the top of PC2, with low hyoglossus area and high circular fiber 
number, while all other species group further on the bottom of pPC2 reflecting an inverse trend 
in these traits. The third principle component explains less variation at 8.3%. pPC3 is primarily 
composed of sublingual gland area and papillae number (Table 5); sublingual gland area loads 
positively while papillae number loads negatively. T. scincoides and C. zebrata have similar 
scores on this component, with low papillae density and high sublingual gland area. The fourth 
principle component explains the least variation at 1.5%. T. scincoides and C. zebrata have 
similar scores on this component, however there are several traits that have low, positive 
loadings on this component (Table 5).  pPC4 is composed equally of tongue width, tongue 
height, sublingual gland area, verticalis & transversalis height, and longitudinalis height.  
 
III. A timeline of lingual prey capture in Tiliqua scincoides  
A lingual prey-capture sequence comprises three tongue phases, protrusion, contact, and 
retraction (Figures 7 and 8). Each is described in turn below. This description is based on 
qualitative examination of all lingual prey capture sequences recorded during this study, 
comprising over 100 individual sequences. 
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A prey-capture sequence begins with jaw opening and anterior protrusion of the tongue. 
The foretongue is often ventrally curled far back in the mouth, posterior to the sublingual glands 
(Figure 7B), and seems to be held in this position before anterior movement is initiated. As the 
tongue moves forward in the mouth, it remains ventrally curled such that the dorsal surface is 
presented anteriorly as it slides between the sublingual glands, exiting the mouth. Once out of the 
mouth, the tongue continues to be protruded until it contacts the prey item (Figure 7C), with 
most of the movement evident in the foretongue and little movement visible in the hindtongue. 
As the tongue is protruded, the tongue tips either remain fixed at the margin of the mandible, or 
they move out of the mouth to contact the substrate; it is not clear what causes this variation, as it 
was observed to at a variety of prey distances and with both superworms and pinkies.  
The region of the tongue that establishes tongue-prey contact is variable and may be 
driven by distance from the prey item. In some feeding sequences the tongue contacts the prey 
item soon after it passes the margin of the mandible, while in others the tongue is rolled onto the 
substrate before contacting the prey. This variability in distance of tongue protrusion 
demonstrates that successful prey capture can be completed with a large portion of the 
foretongue, spanning from directly posterior to the tips to nearly the antero-posterior midline of 
the tongue. Prey items are usually contacted along the sagittal midline of the tongue. If a prey 
item is far to one side, the tongue will either protrude at an angle that deviates from the midline 
in order to use the majority of the dorsal surface for prey capture, or it will be protruded down 
the midline and only use one of the lateral edges for prey capture (Figure 9). After initial contact 
is made between the tongue and the prey item, the foretongue is rolled anteriorly over the prey 
item, conforming to its surface (Figure 7C-E). Ventrally, the m. hyoglossus bundles of the 
tongue can be seen lengthening in some sequences as the tongue extends anteriorly (Figure 10). 
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Simultaneously, the foretongue widens, with individual papillae becoming somewhat separated 
from one another (Figure 11). As the foretongue widens, its edges begin to curl ventrally.  
The beginning of retraction is marked by several changes in the appearance of the tongue. 
Most prominently, a dimple forms in the tongue immediately posterior to the contact zone 
(Figures 7F and 12). The dimple rapidly transitions into a transverse cleft. As retraction 
progresses, the lateral edges of the foretongue begin to curl more ventrally and the anterior 
margin of the cleft folds into a transverse hump in the tongue that lies directly behind the prey 
item (Figures 12 and 13). While the prey item is still on the ground or as it is lifted, the tongue 
tips bunch immediately anterior to it (Figures 7F and 13). The extensive deformation of the 
foretongue around the prey item during contact, the formation of a transverse hump anterior to 
the cleft, and the bunching of the tongue tips, combine to create a ‘saddle’ that supports and cups 
the prey item to during retraction (Figures 7F-G and 13). In a successful prey capture sequence, 
the prey item is lifted from the ground and carried posteriorly towards the mouth. In the initial 
stages of retraction, virtually all tongue movement is the result of hydrostatic deformation of the 
foretongue. It is not until the prey item is being lifted that movement of the hindtongue becomes 
noticeable. As the tongue and prey item move posteriorly into the mouth, the midtongue begins 
to fold transversely like an accordion. The prey capture sequence is complete once the prey item 
is brought past the margins of the jaws and the jaws close (Figure 7H). 
 
IV. Gape Cycle Kinematics  
On average, a lingual prey capture sequence took 0.48 ±	0.19 seconds (mean±S.D.) The average 
starting gape angle was 1.86 ±	0.61°, the average maximum gape angle was 17.28 ±	3.35°, and 
the average final gape angle was 5.15 ±	2.05°. Gape cycle duration was highly variable within 
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and among individuals (Figure 14, left column), as was gape angle (Figure 14, center column). 
Four individuals (Figure 14: Leo, Louis, Stella, Stumpy) clearly displayed all gape cycle phases, 
while for one individual (Figure 14: Tiny) SOII was present in some capture sequences, but 
lacking in others, resulting in an averaged graph that does not show a clear SOII phase. 
Measured as percentage of the total gape cycle across all five individuals, SOI tended to be 
longest and most variable gape phase, followed by SOII (Figure 8). FC was the shortest phase on 
average and was less variable than SOI and SOII, and FO was the least variable (Figure 8). 
Average gape phase durations and standard deviations for each individual are shown in Table 6. 
The standardized species gape cycle displayed all four gape phases, but there was not a distinct 
SOII plateau (Figure 15). Rather, SOII is indicated by a slight decrease in the rate of jaw opening 
compared to SOI.  
 
V. Tongue Phases 
Across all five individuals, the protrusion and retraction phases were longest, followed by 
contact (Table 7). All tongue phases tended to extend across more than one gape cycle phase 
(Figure 8). On average, protrusion starts near the end of SOI and continues through most of 
SOII. Contact then beings near the end of SOII and continues until slightly more than halfway 
through FO, at which point retraction begins. Retraction lasts through the latter half of FO and all 
of FC until the prey item is completely within the jaws. Notably, the only tongue phase that 
changed significantly when consuming the much heavier pinkies was contact, which increased in 
relative duration (Table 8, p=1e-7). While contact was the only tongue phase that differed 
between prey types, there was a significant difference between at least one pairwise comparison 
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of individuals for each tongue phase (protrusion: Louis-Leo p=0.004, contact: Stumpy-Louis 




There is a great deal of individual variation in lingual prey capture kinematics in T. scincoides. 
These differences manifest in qualitative features, such as the way the tongue is protruded, and 
quantitative features, such as the presence and duration of gape cycle phases. T. scincoides 
accomplishes lingual prey capture by hydrostatic shape change of the tongue and uses the form 
of the tongue to physically reinforce its grip on prey. Observations of morphology and anatomy, 
and the pPCA, show that lingual feeding skinks are morphologically distinct from jaw feeding 
skinks, as well as lacertids (an outgroup). Morphological features that distinguish lingual feeding 
skinks from jaw-feeders are functionally associated with their ability to accomplish lingual prey 
capture. Finally, we propose that tongue prey adhesion is surface area dependent in T. scincoides, 
which is supported when comparing feeding across different prey types.  
 
Individual variation in kinematics 
We believe that it is important to quantify and discuss individual variation in gape kinematics, as 
studies on lizard feeding tend to show only exemplar gape plots, or do not standardized gape 
plots. When comparing mean gape cycle plots and mean gape cycle phases across species, it is 
important to understand that comparing only those average values will likely overlook much of 
the variation present (Figures 14 and 15). There was considerable quantitative and qualitative 
individual variation in the kinematics of lingual prey capture in T. scincoides. Some individuals 
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displayed all four gape cycle phases clearly, while others lacked a distinct SOII phase (Figure 
14). Our standardized gape plot of lingual prey capture in T. scincoides reflects this individual 
variation, showing an SOII phase that has a moderate slope rather than a clear plateau and 
consequently, a relatively low increase in gape angle during FO (Figure 14). Our averaged gape 
plot for T. scincoides is very similar to that presented by Smith et al. (1999). Overall, we found 
the relative duration of SOI to be the most variable, while SOII, FO, and FC were slightly less 
variable within or among individuals (Figure 8, Table 6). This is similar to the findings of 
Schwenk and Throckmorton (1989) for iguanian lingual prey capture. The variability in relative 
duration of SOI is not surprising when considering its location at the beginning of the gape cycle. 
Tongue protrusion begins during SOI (Figure 8), and therefore the relative duration of this phase 
may be influenced by sensory feedback and behavioral modulation of tongue movements. 
During the early part of SOI, as the jaws are opening, but before tongue protrusion begins, an 
individual may assess prey features such as mobility, distance, and size, and initiate adjustments 
accordingly. Protrusion also varied in distance and direction relative to the head axis, which 
provides additional evidence for active modulation of tongue movement during prey capture.  
Smith et al. (1999) suggested that prey capture was mediated by prey size in T. 
scincoides, showing that lingual prey capture is used with mealworms and jaw capture with 
crickets. Similar studies have been conducted showing a prey-size mediated relationship between 
the use of lingual prey capture and jaw prey capture in the cordylid Oroborus cataphractus 
(Broeckhoven & Mouton, 2013), Gerrhosaurus major (Montuelle et al., 2010), and Zonosaurus 
laticaudatus (Urbani & Bels, 1995). However, it is important to note that in all of these studies, 
prey size was conflated with prey type. Therefore we do not know at this point if prehension 
mode is based on an assessment of size/weight or prey type (which includes variables such as 
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danger, surface texture, and mobility). For example, capture of wet prey is better accomplished 
with the jaws, regardless of size (Schwenk, 2000a). Our preliminary data show no evidence of 
prehension mode being prey size mediated in T. scincoides. All three individuals that fed on 
pinkies, which are roughly ten times heavier than superworms, used lingual prey capture. Indeed, 
in the hundreds of videos of prey capture taken throughout this study, only one individual 
(Stumpy) employed jaw prehension at all, notably all cases occurring in a single filming session 
during which no lingual prey capture sequences were observed. The same individual used only 
lingual feeding at all other times, including with both prey types.  
While we did not find evidence that prey capture mode was dependent on prey size, there 
is likely to be an upper prey size limit for lingual prey capture in T. scincoides, above which 
failure is likely to occur due to insufficient tongue-prey adhesion or the inability to support and 
lift the prey item with the tongue. Gans et al. (1985), for example, noted that T. rugosa uses the 
tongue to drag snails into the mouth and does not lift them from the substrate. We observed two 
of our T. scincoides consuming snails in a similar fashion, using the tongue to drag the snail to 
the margins of the jaws, but using the jaws to lift it (Hewes and Schwenk, unpublished data). If 
prey size is the factor controlling the switch between lingual prehension and jaw prehension in T. 
scincoides due to a functional failure of the tongue, then the prey size at which jaw prehension is 
required is likely much larger than that suggested by Smith et al. (1999). 
 
Tongue protrusion and shape change 
The tongue is well known to be a muscular hydrostat (Gilbert et al., 2007; Kier & Smith, 1985; 
Meyers et al., 2004; Noel & Hu, 2018; Nishikawa et al., 1999; Smith & Kier, 1989; Wainwright 
& Bennett, 1992), meaning that, due to its constant volume, the incompressibility of intracellular 
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fluid, and the orthogonal arrangement of muscle fibers, muscular contractions result in a length 
change in the axis perpendicular to the direction contraction. In squamates, tongue flicking is 
thought to be accomplished by hydrostatic elongation, specifically through decreasing tongue 
diameter and therefore increasing tongue length (Schwenk, 2000a; Schwenk & Wagner, 2001). 
Based on examination of our videos, it is likely that T. scincoides relies primarily on hydrostatic 
elongation and shape changes, and secondarily on hyobranchial protraction, during lingual prey 
capture. During lingual prey capture, hyobranchial protraction and retraction may help to move 
the base of the tongue forward and backward in the mouth. This movement appears to be 
minimal, however, based on the location of the posterior end of the tongue throughout a feeding 
sequence. Most tongue protrusion appears to be generated by hydrostatic elongation and the 
shape changes of the foretongue during contact and retraction, which could not be accomplished 
by means of hyobranchial movement. Presumably, these movements involve contraction of 
extrinsic and intrinsic muscle fibers that reduce the dimension of the tongue along orthogonal 
axes, as described above. Anterior elongation is likely accomplished through contraction of 
circular fibers that wrap around the primary longitudinal m. hyoglossus muscle bundles (Kier & 
Smith, 1985; Smith and Kier 1989). Contraction of these fibers would act to decrease the 
diameter of the mm. hyoglossus and elongate the tongue in the anterior direction. Once the 
tongue contacts the prey item, anterior elongation continues, during which m. hyoglossus 
elongation can be observed on the ventrolateral side of the foretongue (Figure 10). While 
anteroposterior elongation causes the tongue to roll anteriorly over the prey item, dorsoventral 
compression of the foretongue causes the tongue simultaneously to expand laterally and wrap 
around the lateral sides of the prey. Dorsoventral compression is likely a result of contraction of 
the verticalis musculature.  
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Retraction in muscular hydrostats is accomplished via contraction of longitudinal 
musculature (Kier & Smith, 1985; Smith & Kier, 1989), so it is likely that retraction in the 
tongue of T. scincoides is caused by contraction of the mm. hyoglossus, as well as the intrinsic 
dorsal longitudinalis fibers. The fact that the dorsal, papillary surface of the tongue folds, 
accordion-like, during tongue retraction suggests that m. hyoglossus shortening occurs faster 
than dorsal longitudinal fiber contraction i.e., the dorsal surface initially remains elongated 
relative to the tongue base. The early part of retraction is likely caused exclusively by hydrostatic 
shape change, because the tongue as a whole does not move posteriorly as would be expected 
with hyobranchial movement. However, soon after the foretongue begins contracting posteriorly, 
the tongue base also begins to retract so that the entire tongue moves posteriorly as a unit, 
reflecting combined hydrostatic shortening and hyobranchial retraction. Once a prey item is past 
the margins of the jaws, hydrostatic shortening appears to cease while hyobranchial retraction 
continues. 
 
Tongue morphology and pPCA 
We found that T. scincoides and C. zebrata formed a distinct group in our pPCA analysis 
compared to the jaw feeding scincids or lacertids. pPC1 distinguished T. scincoides and C. 
zebrata from other species on the basis of large tongue size (Figure 6). Having a large tongue 
size may be functionally important for lingual prey capture, increasing tongue-prey contact area 
in T. scincoides and C. zebrata. A larger tongue not only provides greater contact area, but it also 
permits a greater degree hydrostatic shape change. 
On pPC2 T. scincoides and C. zebrata are distinguished from other species primarily by 
having high circular fiber number and low hyoglossus area. A smaller hyoglossus diameter 
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suggests that when compressed by the circular fibers, the m. hyoglossus bundles of T. scincoides 
and C. zebrata can be elongated proportionally more than those of other species (Kier & Smith 
1985; Smith & Kier, 1989). Kier & Smith (1985) showed that given two cylinders of equal 
volume but different lengths and diameters, a longer, narrower cylinder will increase in length 
much more than one that is shorter and wider when decreased in diameter by the same percent. 
As such, the relatively narrower m. hyoglossus bundles in T. scincoides and C. zebrata and their 
greater number of surrounding circular fibers suggest that there may be a greater ability to 
hydrostatically elongate the tongue in T. scincoides and C. zebrata, which is crucial to establish 
adequate tongue-prey contact during lingual prey capture.  
On pPC3 T. scincoides and C. zebrata are distinguished from other species primarily by 
high sublingual gland area and low papillae number (Figure 6). Having larger sublingual glands 
relative to the size of the tongue could indicate that T. scincoides and C. zebrata have more 
mucus secretion into the buccal cavity, and specifically onto the tongue’s dorsal tongue surface, 
than other species. During tongue protrusion in T. scincoides the dorsal surface of the 
foretongue, including the contact zone, passes directly between the sublingual glands. The glands 
are often actively depressed as the tongue passes between them, which may help to express their 
contents onto the tongue surface, coating the contact zone with ample mucus to aid in tongue-
prey adhesion. While T. scincoides and C. zebrata are distinguished histologically as indicated 
by the pPCA, it is worth noting that in most respects their lingual morphology is very similar to 
that of other scincids. As such, the lingual morphology of T. scincoides and C. zebrata seems to 
exhibit a mosaic of features determined by historical contingency and adaptive modification.  
Feeding in squamates has often been discussed in the context of a hypothesized 
functional tradeoff between tongue flicking and lingual prey capture (Schwenk, 2000a; Schwenk 
 26  
& Throckmorton, 1989; Schwenk & Wagner, 2001; Wagner & Schwenk, 2000). Under this 
tradeoff scenario, squamate tongues exhibit a range of variation from iguanians, optimized for 
lingual prey capture but with relatively simple tongue-flicks, to snakes, in which the tongue is 
capable of extreme elongation and complex, oscillatory tongue-flicks, but is so reduced that it 
does not contribute to any phase of feeding. Other squamate lineages exhibit intermediate tongue 
forms and functions (Schwenk & Wagner, 2001). Many morphological adaptations for increased 
tongue-flicking capability have been discussed (Schwenk & Throckmorton, 1989), but two of the 
primary features are smaller hyoglossus bundles and a more robust circular fiber system, as these 
features allow for greater hydrostatic elongation. We found the same two traits to be important in 
distinguishing lingual-feeding skinks from jaw-feeding skinks and lacertids, and we know 
through examination of highspeed video that these features should be beneficial for lingual prey 
capture. Therefore, our analysis of tongue morphology and function in T. scincoides does not 
suggest any apparent conflict between lingual prey capture and chemosensory function (tongue-
flicking) compared to jaw-feeding skinks. This is probably because most of the putative 
modifications of the tongue associated with lingual prey capture in T. scincoides are related to 
hydrostatic elongation and deformation of the tongue, which are consistent with the functional 
demands of tongue-flicking (Schwenk & Wagner, 2001). However, when comparing lingual prey 
capture systems among different lizard lineages, it is possible that differences in prey capture 
performance will be revealed.  
 
Tongue-prey adhesion  
A defining trait of lingual prey capture in T. scincoides is the very large surface area of tongue-
prey contact mediated by hydrostatic deformation of the tongue. We propose that this extensive 
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tongue-prey contact is crucial in establishing the tongue-prey bond in T. scincoides and that it 
allows for adequate tongue-prey adhesion. Tongue-prey adhesion also appears to be 
mechanically reinforced by the tongue during retraction, which forms a ‘saddle’ that secures the 
prey item anteriorly and posteriorly. This presumably reduces the chance of the prey item 
shearing off the tongue surface during retraction owing to inertial reaction forces. The 
importance of surface area of contact is highlighted by comparing contact time when feeding on 
pinkies versus superworms. When consuming the much heavier pinkies, the duration of the 
contact phase was significant longer (Table 8), suggesting that for a heavier prey item more 
contact area is necessary to establish adequate adhesion. This relationship suggests that wet 
adhesion is an important component of the adhesive mechanism in T. scincoides because the 
strength of wet adhesion increases with contact area (Cai & Bharat, 2007).  
  
Phylogenetic distribution 
Why is lingual prey capture not more prevalent outside of the Iguania? It is difficult to say, but 
there could be many factors involved. For example, head size, and therefore tongue size, may be 
a limiting factor if lingual prey capture requires a minimum area of tongue-prey contact for 
sufficient adhesion. Alternatively, ecological factors such as prey mobility and evasiveness may 
be important if it is faster, and therefore more efficient, to capture prey with the jaws. Smith et al. 
(1999) found that average gape cycle time for jaw prehension in T. scincoides was 0.27 s, while 
for lingual prey capture it was 0.37 s. We similarly found that lingual prey capture in T. 
scincoides takes 0.48 ±	0.19 seconds on average. T. scincoides, like other large-bodied members 
of the genus Tiliqua, is omnivorous and feeds primarily on slow or non-moving prey, such as 
plant material, snails, slugs, eggs, and carrion (Greer, 1989), which could explain why this 
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species can use a slower prey capture modality. If lingual prehension is generally slower than 
jaw prehension across non-iguanian squamates, a hypothesis that has not been rigorously tested, 
then natural selection would tend to favor jaw prehension in lineages that feed primarily on fast, 
evasive prey, such as insects. Another confounding factor, however, is the degree of mesokinetic 
upper jaw movement possible in a given group. Circumstantial evidence suggests that significant 
cranial kinesis might enhance both the speed and accuracy of jaw prehension for capturing agile 
prey (Schwenk, 2000a).  
It is also possible that lingual prey capture is more widespread than previously 
recognized among non-iguanian squamates. Indeed, very few species have been examined 
functionally. For example, to our knowledge this study is the first to report that C. zebrata 
employs lingual prey capture. In fact, it is likely that lingual prey capture may be the ancestral 
state for the Egernia group within the Scincidae. Within this group C. zebrata is sister to all 
other members (Gardner et al., 2008), and our examination of online videos suggests that many 
other species that are nested between T. scincoides and C. zebrata, also use lingual prey capture. 
Furthermore, we have observed that Tribolonotus novaeguineae, which is placed close to the 
Egernia group in several phylogenies (Gardner et al., 2008; Reeder, 2003), uses lingual prey 
capture. Though our knowledge of the phylogenetic distribution of lingual prey capture within 
the group is insufficient to determine reliably the ancestral state, given that C. zebrata and T. 
novaeguineae both exhibit the behavior, the ability to use both lingual prehension and jaw 
prehension as the ancestral state for the Egernia group of skinks appears to be the most 
parsimonious hypothesis. Nevertheless, recent work on non-iguanian taxa exhibiting facultative 
lingual feeding suggests that significant variation in prey capture mechanisms is possible, which 
may ultimately suggest a larger number of independent origins than we presently suppose. 
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 In addition to being unsure about the distribution of lingual prey capture outside of the 
Iguania, there is also uncertainty about the frequency with which lingual prey capture is used in 
species where it is known to occur. Facultative switching between the tongue and the jaws, as 
has been reported in other studies (Broeckhoven & Le Mouton, 2013; Smith et al., 1999; 
Montuelle et al., 2009, 2010), suggests that there may be variation among individuals or 
populations within a species in the frequency with which lingual prey capture is employed. The 
degree to which a lineage depends on lingual prey capture is an important question, especially 
when trying to elucidate any associated changes in tongue morphology. We might expect 
lineages that use lingual prey capture at low frequency to exhibit fewer or less developed lingual 
modifications. It is possible that what we have observed in T. scincoides and C. zebrata will not 
be reproduced when investigating lingual morphology in other lingual-feeding lineages, such as 
cordylids or gerrhosaurids, as the relationships among morphology, performance, and fitness are 
mediated by environment and ecology (Arnold, 1983) in which selection acts on unique 
historical backgrounds. Future work aims at similar studies on the functional morphology of 
lingual prey capture in additional taxa, with the goal of understanding how lingual prey capture 
is accomplished across lineages with different ancestries and different degrees of reliance on 
lingual prey capture.  
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Table 1.1 Sex, weight, and SVL of T. scincoides individuals. 
 
Individual Sex Weight (g) SVL (cm) 
Stella Female 440 27 
Leo Male 422 28 
Tiny Female 405 28 
Stumpy Male 421 28 
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Table 1.2 Histological specimens used for qualitative comparison and phylogenetic 
principle components analysis.  
 






T. scincoides  Scincidae Tongue prehension 2 
C. zebrata Scincidae Tongue prehension 1 
Plestiodon skiltonianus Scincidae Jaw prehension 1 
Lamprolepis smaragdina Scincidae Jaw prehension 1 
Scincella sp., Scincidae Jaw prehension 1 
Ctenotus sp Scincidae Jaw prehension 1 
Lacerta viridis Lacertidae Jaw prehension 1 
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Table 1.3 Morphological traits measured for quantitative analysis and their presumed 
functions  
 
Trait Measurement Putative Function  
Papilla number Total number of papillae Adhesion 
Tongue width Length of the widest part of the 
tongue 
Adhesion by providing 
more surface area; also 
a measure of tongue 
size 
Tongue height Height of the tongue, always 
measured on the right side 
Measure of tongue size 
Total hyoglossus 
area 




Area of both sublingual glands Mucus production 










Total circular fiber 
number 
Number of circular fibers on the 
lateral portion of the hyoglossus, 
averaged on the left and right sides 
of the tongue and then summed 
Lengthening via 
decreasing the diameter 
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Table 1.5 Loadings of morphological traits on the first three phylogenetic principle 






























Morphological Traits  
Loadings 
pPC1 pPC2 pPC3 pPC4 
Tongue width -0.97545 0.03667 -0.07084 -0.17715 
Tongue height -0.98275 0.07468 0.09345 0.11907 
Sublingual gland area -0.84395 0.07176 0.49322 -0.18488 
Hyoglossus area -0.93714 -0.33824 -0.02451 0.03067 
Verticalis & transversalis height -0.98987 -0.01730 -0.01736 0.11265 
Longitudinalis height -0.96974 0.15483 0.08131 0.14641 
Circular fiber number 0.10100 0.99316 0.03534 0.01459 
Papillae number -0.75194 0.15234 -0.63053 -0.09167 
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Table 1.6 Mean ± standard deviation for duration of gape phases (SOI, SOII, FO, and 
FC) in each individual, given as % of the total gape cycle. 
 
Individual No. of Sequences SOI SOII FO FC 
Leo 12 55.2 ± 8.6 17.1 ± 5.7 15.9 ±	5.5 10.2 ± 3.3 
Louise 10 39.3 ±	9.4 24.7 ± 6.2 15.4 ± 3.6 20.5 ± 5.0 
Stella 9 56.3 ± 8.7 14.2 ± 7.8 16.8 ± 5.0 12.3 ±	1.5 
Stumpy 12 35.8 ± 5.8 25.7 ± 6.8 23.2 ± 3.5 13.7 ±	4.4 
Tiny 6 45.8 ± 7.7 26.0 ± 9.9 13.5 ± 1.8 13.4 ± 5.4 
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Table 1.7 Mean ± standard deviation for tongue phase durations given as % of the total 
gape cycle, for each individual. The mean for all 5 individuals is given in the bottom row. 
 
Individual Protrusion Contact Retraction 
Leo 17.1 ± 5.1 14.2 ± 4.3 17.1 ± 4.4 
Louise 23.4 ± 5.7 10.9 ± 4.7 25.7 ± 4.6 
Stella 18.7 ± 8.7 12.7 ± 3.0 19.6 ± 3.0 
Stumpy 21.6 ± 6.2 16.2 ± 6.7 27.7 ± 6.3 
Tiny 20.6 ± 8.5 17.2 ± 6.8 24.1 ± 6.5 
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Table 1.8 Tongue phase duration when feeding on different prey (superworms vs. 
pinkies). Mean ± standard deviation for duration given as a percent of the total gape 
cycle (n=3 for each). Pairwise p-value across prey types and individuals are given and 


















Individual pairwise  
p-value 
p-value Pair 
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FIGURES 
 
Figure 1.1 Transverse sections of a skink tongue (Plestiodon skiltonianus) showing 
measurements taken for phylogenetic principle components analysis. A) Section 
through tongue and lower jaw. Pap = papillae number, TH = tongue height, TW = 
tongue width, Su = sublingual gland area (both polygons added together). B) Section of 
tongue only. L = longitudinalis height, TV = transversalis & verticalis height, C = circular 
fiber number (averaged on each side and summed), Hg = hyoglossus area (both circles 





























































 46  
 
Figure 1.2 Specimens measured for phylogenetic principle components analysis. A-E = 
jaw-feeding skinks, F-G = jaw feeding lacertids, and H-I = lingual feeding skinks. A = 
Plestiodon skiltonianus, B = Eumeces sp., C = Lamprolepis smaragdina, D = Ctenotus 
sp., E = Scincella sp., F = Podarcis muralis, G = Lacerta viridis, H = Tiliqua scincoides, 
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Figure 1.3 Points digitized for calculating gape angle. The vertex of the angle is the jaw 
joint located at the base of the quadrate as indicted externally by the bottom of the 
external auditory meatus. Jaw position was marked by lines connecting the vertex to 
distinctive labial scale margins on the mandible and upper jaw. The scale was set using 
the eye-nostril distance, indicated with the double-sided arrow. The y-axis was set as 
the margin of each video frame towards which the animal was facing and the x-axis was 
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Figure 1.4 Tongue form in T. scincoides compared to other taxa. A-E = Scincidae; F-G 
= Lacertidae. A = Lamprolepis smaragdina; B = Eumeces sp.; C = Tiliqua scincoides; D 
= Underside of foretongue in T. scincoides showing how it is curled ventrally when at 
rest (double-headed arrow). mp, marginal papillae; vp, ventral pallets (keratinized pads 
underlying tongue tips in all squamates); E = Scincella sp.; F = Lacerta viridis (the 
transverse line reflects the fact that the image was produced from two photographs that 
were attached and scanned); G = Podarcis melisellensis; H = Live specimen of T. 
scincoides with foretongue uncurled and extended laterally showing its unusual breadth 
compared to other skinks and the lacertids. For comparison to D, the marginal papillae 
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Figure 1.5 Gross and histological morphology of the tongue in Tiliqua scincoides. A. 
Dorsal view of the tongue indicating the locations of the transverse sections shown in B-
D. The foretongue lies within a well in the floor of the mouth, bordered ventrolaterally by 
raised ridges known as sublingual plicae, shaded in green on the left side. The 
sublingual glands (slg) lie within these ridges. Note that the margins of the unusually 
broad foretongue are curled ventrally between the elevations when at rest (A, D and E) 
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Figure 1.6 Phylogenetic PCA of lingual feeding skinks, jaw feeding skinks, and 
lacertids. Taxa are depicted as squares, nodes are depicted as circles, lines represent 
branches on the phylogenetic tree that connect taxa. Green = lacertids, Yellow = jaw-
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Figure 1.7 A typical lingual prey capture sequence in T. scincoides. B = protrusion, C-E 
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Figure 1.8 Idealized gape plot for Tiliqua scincoides, showing the temporal relationship 
between gape phases and tongue phases. Gape phases and tongue phases are 
average ±	S.D. across all 5 individuals. Protrusion fades into SOI because in some 
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Figure 1.9 Modulation of the tongue during lingual prey capture. The tongue is 
protruded to the right side of the body, rather than down the midline, to capture a prey 
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Figure 1.10 Tongue-prey contact sequence in T. scincoides showing elongation of the 
longitudinal hyoglossus muscle bundle on the ventral side of the tongue (arrows). As the 
m. hyoglossus columns elongate, the anterior part of the tongue extends and folds 
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Figure 1.11 T. scincoides during the contact phase of lingual prey prehension. As the 
foretongue contacts the prey item (a neonate mouse), it simultaneously extends 
anteriorly and widens hydrostatically, curling over the prey item and wrapping around it 
laterally. Hydrostatic widening of the foretongue is evident in the papillae, which appear 
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Figure 1.12 The ‘cleft’ that forms immediately posterior to the contact zone is indicated 
with a white arrow. As retraction progresses the cleft transitions from a dimple to a 
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Figure 1.13 A failed lingual prey capture attempt in T. scincoides illustrating the 
formation of a ‘saddle’ to support and surround a prey item. Red arrow = cleft that forms 
posterior to the contact zone; dashed yellow arrow = location of incipient ‘saddle’; green 
arrow = bunched tongue tips; yellow arrow = ‘saddle’ that forms between the cleft and 
bunched tongue tips that holds the prey as the tongue is retracted posteriorly.  
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Figure 1.14 The left column shows raw gape angle data for each individual. The center 
column shows standardized gape angle data from 0-100% for each individual (see text). 
The right column shows mean and standard error of gape angle from 0-100% of the 
gape cycle for each individual. Gape plots in the right column were smoothed using the 
‘smooth.spline’ function in the R stats package with spar = 0.4.  
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Figure 1.15 Average gape plot for Tiliqua scincoides (n=5, 49 sequences), with shading 
representing the standard error. The line was smoothed using the ‘smooth.spline’ 
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Chapter 2 
Quick and sticky or slow and grabby: a comparison of lingual prey capture mechanisms in 




We compared the functional morphology of lingual prey capture in several iguanian lizards 
(Pogona vitticeps and Agama agama, Agamidae; Sceloporus malichiticus, Phrynosomatidae) 
with the independently evolved system in a scincid, Tiliqua scincoides, using high-speed 
videography, phylogenetically informed principal components analysis of tongue morphology, 
and salivary mucus histochemistry. We found no evidence for convergence in tongue form and 
kinematics between T. scincoides and the iguanians. Tongue morphology and histology in T. 
scincoides are, nevertheless, distinct from related jaw-feeding scincids, suggesting that it has 
evolved lingual feeding along a distinct phenotypic trajectory. The proportion of each prey 
capture sequence devoted to tongue-prey contact and retraction is significantly shorter in 
iguanians compared to T. scincoides and acceleration of the prey item at the start of retraction is 
much greater. Tongue-prey contact in iguanians involves minimal surface area, whereas in T. 
scincoides the foretongue undergoes considerable broadening and shape change. Video and 
morphological evidence show that iguanians depend on a combination of viscoelastic mucus that 
exhibits ‘stringing’, along with wet adhesion that maximizes capillary meniscus forces by 
‘perimeter packing’. Wet adhesion in T. scincoides is much less effective owing to their flat, 
scale-like papillae, and the mucus does not exhibit stringing, but rather aids only in wet adhesion. 
In T. scincoides prey adhesion depends on large contact area, mechanical support, and reduced 
inertial reaction forces. Nevertheless, compared to P. vitticeps, a similarly sized iguanian, T. 
scincoides is much more likely to fail at lingual prey capture (3% failure vs. 30%, respectively). 
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INTRODUCTION 
Phenotypic similarity among distantly related taxa is commonly observed. Broadly speaking, 
such similarity can be attributed either to historical contingency (homology) or to homoplasy 
(convergent or parallel evolution). Historical contingency suggests that similarity is due to the 
failure to evolve from a shared ancestral condition, while convergence and parallelism attributes 
similarity to the independent acquisition of similar traits. The relative importance of historical 
contingency and convergence in shaping the diversity of life has been the subject of much debate 
in fields ranging from biology to philosophy (e.g., Beatty, 1993, 2006; Blount et al., 2018; 
Conway-Morris, 1998, 2010; Gould, 1989; Powell, 2009, 2012; Turner, 2011; Vermeij, 2006). 
Convergence has historically been assumed to be the result of similar selection pressures 
deriving from similar environmental conditions (Brooks, 1996; Losos, 2011; e.g, Chan et al., 
2010; Losos et al., 1998; Rosenblum, 2006; Shapiro et al., 2004), but mounting evidence has 
suggested that this need not be the case (Brooks, 1996; Losos, 2011; Morinaga and Bergmann, 
2017; Stayton, 2008, 2015; Wake, 1991; Wake et al., 2011). Convergence can occur at a variety 
of hierarchical levels, ranging from gene mutations, to developmental pathways, and ultimately 
expressed in the phenotype and its performance in a given environment (Losos, 2011; e.g., 
Arendt and Reznick, 2007; Ben-Hamo et al., 2016; Christian et al., 2010; Leander, 2008; Liu et 
al., 2010; Manceau et al., 2010; Meyer et al., 2013; Stern, 2013; Williams et al., 2013).  
 Convergence is sometimes remarkable in its detail. A well-known example is the 
existence of a “camera-type” eye—an eye capable of focusing light via a lens—in vertebrates 
and cephalopod molluscs (Gehring and Ikeo, 1999; Land and Fernald, 1992; Leander, 2008; Serb 
and Eerinsse, 2008; Yoshida et al., 2015). Nevertheless, even such remarkable cases of 
convergence are replete with phenotypic differences, and in many cases, phenotypic similarities 
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are actually quite superficial (e.g., Collar et al., 2014). The failure to converge in detail or to 
exhibit similar changes at all hierarchical levels, is a consequence of each lineage’s unique 
evolutionary history, i.e., selection acts not only on different phenotypic starting points but on 
different sets of genes and mutations, and genetic architecture. Thus even identical selection 
pressures are unlikely to generate identical phenotypes in different lineages (Bedhomme et al., 
2013; Blount et al. 2008; Gould, 1989, 2002; Harms and Thornton, 2014; Jacob, 1977; 
McGlothlin et al., 2016; Meyer et al., 2012; Ord 2012; Shah et al., 2015; Spor et al., 2013; Stern 
and Orgogozo, 2009). All examples of convergent evolution ultimately reflect the interaction of 
selection and historical contingency.  
Under a regime of very strong selection for a particular function, one might expect the degree 
of phenotypic similarity among lineages to depend, at least in part, on the number of potential 
phenotypic ‘solutions’ that exist to a particular ‘problem’. If, for example, physical constraints 
dictate only one or a few ways that a particular function can be achieved, one would expect a 
high degree of convergent similarity among lineages (e.g., Wake, 1991). Using eyes as an 
example again, the limited number of complex animal eye types that have evolved (Gehring and 
Ikeo, 1999; Land and Fernald, 1992; Leander, 2008; Serb and Eerinsse, 2008; Yoshida et al., 
2015) undoubtedly reflects the physical properties of light—there are few ways in which light 
can be refracted and focused on a sensory field to form an image and few ways that animal 
systems can build cells that are sensitive to light (Fernald, 2006). In contrast, in systems for 
which there are many solutions to physical problems one would expect more limited 
convergence, if any. For example, gills have evolved multiple times among aquatic animals and 
although they converge in bringing blood to within a few cell layers of water, reflecting the 
physical constraint of diffusion, they are otherwise highly variable in structure, location, and 
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building blocks, a manifestation of their diverse and unique evolutionary histories (e.g., Hinton, 
1968; Hughes, 1966). 
An understudied example of potential convergence occurs in the prey capture mechanisms 
employed by squamate reptiles. Among squamates, the vast majority of species employ the jaws 
and teeth to capture prey (Schwenk and Throckmorton, 1989; Schwenk 2000). However, some 
lizards have acquired the ability to use the tongue as a prehensile organ to capture prey, a form of 
feeding known as ‘lingual prey capture’ (Schwenk and Throckmorton, 1989; Schwenk, 2000; 
Schwenk and Wagner, 2001). Lingual prey capture has evolved independently several times 
among different lineages of lizards, (Hewes and Schwenk, Ch1; Broeckhoven and Le Mouton, 
2013, 2015; Montuelle et al., 2009, 2010; Reilly and McBrayer, 2007; Smith et al., 1999, Urbani 
and Bels, 1995), suggesting the possibility of convergent evolution. The precise number of 
independent acquisitions of lingual prey capture remains uncertain because the number and 
phylogenetic distribution of species that exhibit the behavior is currently unknown (Hewes and 
Schwenk, Ch1). Nevertheless, we can conservatively conclude that lingual prey capture has 
evolved minimally three or four times independently within squamates—in Iguania (all species), 
Scincidae, Cordylidae, and Gerrhosauridae (some species within each family).  
Independent acquisition of lingual-feeding in lizards allows us to consider the nature of 
functional convergence within the group. Prey capture in squamates may be a particularly good 
system for investigating convergence for several reasons. First, the functional role of the tongue 
is highly variable over the course of a feeding bout in a single individual, potentially including 
the location and identification of food via tongue-flicking and vomeronasal chemoreception, 
food acquisition (ingestion), intraoral transport, and swallowing. Furthermore, the nature and 
extent of tongue function in each of these roles varies a great deal across lineages (e.g., 
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Anderson, 2016; Anderson and Deban, 2010; Bels et al., 1994, 2019; Delheusy and Bels, 1999; 
Herrel et al., 1999; Schwenk, 1993; Schwenk, 2000). Finally, there is a striking degree of 
variation in tongue morphology across squamates that is not easily accounted for. Schwenk 
(1988, 1993, 2000) found that major disparities among tongue forms occur mostly at the familial 
and suprafamilial level and suggested that these disparities reflect significant functional 
differences that evolved early in ancestral lineages rather than recent adaptations to current 
ecological factors such as diet, foraging mode, habitat, etc. One factor that was suggested to play 
a major role in tongue differentiation is a putative conflict in the function of the foretongue 
during prey capture vs. chemosensory tongue-flicking, such that tongues specialized for prey 
capture, as exemplified by iguanians, are poor at tongue-flicking and tongues adapted for tongue-
flicking are precluded from prey capture (Schwenk, 2000; Schwenk and Wagner, 2001; Wagner 
and Schwenk, 2000). Jaw-feeding was seen as a necessary functional and evolutionary correlate 
of tongue specialization for proficient chemosensory function.  
At the root of the distinction between iguanians and all other (non-iguanian) squamates are 
three important differences in foretongue anatomy (citations above) (Figure 1): (i) Most of the 
iguanian tongue is supported and coupled to the hyobranchium by a lingual process of the 
hyobranchium that extends into the tongue for most of its length, and a laryngohyoid ligament 
that runs through the musculature of the tongue from the larynx to the tip of the process. 
Consequently, only a small, anterior part of the foretongue can protract or move independent of 
the hyobranchium via hydrostatic elongation. In contrast, non-iguanian squamates have relatively 
short lingual processes with laryngohyoid ligaments that attach posteriorly, leaving all of the 
foretongue free for hydrostatic elongation independent of hyobranchial protraction, as occurs 
during tongue-flicking. (ii) Iguanian foretongues are blanketed with long, narrow (filamentous or 
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reticular) papillae covered in densely packed mucocytes that appear to be a critical part of the 
iguanian tongue-prey adhesive mechanism. Conversely, all non-iguanian taxa have various types 
of short, squat papillae with lightly keratinized surfaces, usually overlapping, and typically 
lacking any mucous glands. Therefore, they apparently lack a critical part of the tongue-prey 
adhesive mechanism. (iii) The foretongue in all non-iguanian taxa is reduced in breadth and/or 
depth (thickness), which is consistent with the mechanical demands of increased hydrostatic 
elongation (Kier and Smith, 1985), and in many species the tongue tip is deeply cleft or even 
forked, allowing the animal to sample chemicals from two locations simultaneously (Schwenk, 
1994). A reduction in the dimensions or robustness of the foretongue would appear to make it a 
precarious surface for capturing prey. 
While the anatomical distinctions between iguanian and non-iguanian squamate taxa are 
striking, the hypothesis that non-iguanian taxa are mechanically unable to employ lingual prey 
prehension has been falsified by recent observations of lingual prey capture in non-iguanian 
squamates. The phylogenetic distribution of these non-iguanian, lingual-feeding species within 
otherwise jaw-feeding clades, as well as their facultative use of lingual prey capture, suggests 
that they evolved relatively recently from jaw-feeding ancestors (contra Reilly and McBrayer, 
2007). Morphology-based phylogenetic hypotheses (Conrad, 2008; Estes et al., 1988; Gauthier et 
al., 2012; Lee, 2005; Schwenk, 1988) suggest that the lingual prey capture system in iguanians, 
which is virtually identical to that of the squamate sister taxon, Sphenodon punctatus (Gorniak et 
al., 1982; KS unpublished data), is a retained ancestral trait, whereas molecular hypotheses 
suggest origination from a jaw-feeding ancestor, as in other lingual-feeding lineages (e.g., Pyron 
et al., 2013; Reeder et al., 2015; Zheng & Wiens, 2016). 
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In a recent study we characterized the mechanics of prey capture in Tiliqua scincoides, a non-
iguanian scincid species known to employ both lingual and jaw capture of prey (Hewes and 
Schwenk, Ch. 1; Smith et al., 1999). Here we compare the functional morphology of lingual prey 
capture in T. scincoides to the kinematics and mechanics of lingual prey capture in three iguanian 
lizards and assess their degree of similarity. Ultimately our aim is to understand whether the 
anatomy of the lizard tongue and the mechanics of tongue-prey adhesion limit the number of 
ways lingual prey capture can be accomplished, i.e., how many possible phenotypic ‘solutions’ 
are there to the functional ‘problem’ of lingual prey capture? We hypothesized that the historical 
legacy of jaw-feeding and a tongue modified for hydrostatic deformation in T. scincoides would 
be reflected in a highly dissimilar system of lingual prey capture showing little convergence with 
that of iguanian lizards. We further hypothesized that lingual prey capture in T. scincoides would 
be less effective than in the putatively specialized iguanians. To test these hypotheses we 
employed quantitative and qualitative analyses of high-speed videography, phylogenetically 
controlled principal components analysis of comparative tongue morphology, and an initial 
,comparative study of lingual prey capture performance. We demonstrate key differences 
between T. scincoides and iguanian lizards suggesting that adaptive modification of the lingual 
prey capture system in each has proceeded along fundamentally different trajectories reflecting 
alternative mechanical strategies. 
 
MATERIALS AND METHODS 
I. Animals and Animal Care  
Data for all individual animals used in this study are given in Table 1, including the five Tiliqua 
scincoides (Scincidae) individuals described in Hewes and Schwenk (Ch. 1). In this study we 
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examined feeding behavior in three species of iguanian lizard, including five individuals of 
Pogona vitticeps (Agamidae), two individuals of Agama agama (Agamidae) and two of 
Sceloporus malachiticus (Phrynosomatidae). We also obtained high-speed video sequences of 
individual specimens of two additional “iguanid”11 species, Sceloporus occidentalis 
(Phrynosomatidae) and Anolis equestris (Dactyloidae), but we did not include these in our 
quantitative analyses. Four P. vitticeps individuals were owned by private individuals and one 
was loaned by the Riverside Reptiles Education Center, Enfield CT. All P. vitticeps individuals 
were brought to our lab at the University of Connecticut for videography and returned to their 
owner the same day. S. malachiticus, A. agama and A. equestris individuals were purchased from 
commercial dealers and housed in the lab. The S. occidentalis specimen traveled to Connecticut 
in a shipment of California grapes to a local vineyard and was donated to our lab. All lizards 
were kept in pairs or individually in glass terraria—10 gal (38 l), 20 gal (37 l) and 30 gal (113.5 
l) for the Sceloporus, Agama and Anolis, respectively. All enclosures were kept on 12 hr/12 hr 
light-dark cycle and provided with a layer of newspaper on the floor, a shelter, perching rocks, a 
heated rock, a heat lamp, and standing water ad libitum, except for the Anolis, which was 
provided with branches and plastic vines for climbing and no heated rock. All enclosures were 
misted regularly with water. Lizards were fed a mixed diet of mealworms, vegetables, and fruit 
several times per week and were not fed the day prior to filming to ensure that they would be 
motivated to take food. Tanks were cleaned regularly with hot water and soap.  
 
                                                        
1 We use the informal term “iguanid” to refer to all pleurodont iguanians that were previously classified within a 
single family, Iguanidae. Owing to a putative lack of synapomorphies uniting the Iguanidae sensu lato, informally 
recognized, monophyletic subfamilies within it were elevated to family status (Frost and Etheridge, 1989). The 
number and names of these new family-level taxa have subsequently grown and shifted. Nevertheless, all molecular 
data acquired since 1989 has supported monophyly of the Iguanidae as originally conceived. 
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II. Histology 
In addition to the scincid and lacertid species examined by Hewes and Schwenk (Ch. 1), for this 
study we added nine iguanian species that had been histologically sectioned previously by KS 
(Table 2). Species were categorized as either tongue-feeders, jaw-feeders or jaw/tongue-feeders 
based on previously published studies, as well as personal observation. The lower jaw and 
tongue (occasionally, the entire head) of each specimen was removed and decalcified in formic 
acid A solution, embedded in 100% paraffin and sectioned transversely at 8-10 µm using 
standard methods (Presnell and Schreibman, 1997). Sections were stained with either 
hematoxylin and eosin or Weigert iron hematoxylin and picro-ponceau (slightly modified from 
Presnell and Schreibman 1997). Images of histological sections were made using a Zeiss 
compound microscope with an attached digital camera. Images of entire, large sections were 
‘stitched’ together from multiple, overlapping photographs using the software AutoStitch© 
(Brown and Lowe, 2007) or Panorama Stitcher Mini© (Boltnev and Kacher, 2010). We also 
visually inspected preserved, gross specimens of iguanian and non-iguanian lizard species held 
in the lab, as well images published in the literature. 
i. Histochemical Staining 
Salivary mucus plays a critical role in the tongue-prey adhesive mechanism. Mucus is variable in 
its chemical constituents and the proportion of these constituents, which in turn potentially 
change its mechanical attributes. Mucins are particularly important in this regard and therefore 
we wished to characterize patterns of mucin secretion across a variety of lizards (Table 3). Each 
specimen was decalcified in formic acid A solution, embedded in 100% paraffin and sectioned 
transversely at 8-9 µm using standard methods (Presnell and Schreibman, 1997). We used 
standard methods for Periodic Schiff-Alcian Blue (PAS-AB) histochemical staining of paraffin 
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sections (Bancroft and Stevens, 1982). Staining was used to identify neutral and acidic mucins in 
the lingual papillary mucocytes and sublingual glands in transverse sections of 15 iguanian 
species, two lingual-feeding scincids, five jaw-feeding scincids, and two jaw-feeding lacertids 
(Table 3). Although there is broad overlap in the species listed in Tables 2 (histological 
specimens) and 3 (PAS-AB stained specimens), the lists are not identical. We stained sections 
that were located approximately 25% along the length of the tongue, anterior to posterior, as this 
corresponds to the region of tongue-prey contact in lingual-feeding species. The 25% landmark 
also allowed for visualization and staining of the sublingual glands at their largest point.  
PAS-AB stain intensity is expected to be directly related to mucin quantity (Walsh and 
Jass, 2000). We therefore measured stain intensity in sections of all species to examine possible 
patterns of variation in mucin production. Three sections were photographed for each specimen 
using a Q Imaging MicroPublisher 6 camera attached to a Zeiss Axioscope at 10X magnification. 
A neutral gray filter was set on the microscope, and illumination was set at level 10 and held 
constant throughout the imaging process. Images were adjusted using the camera’s automatic 
exposure and color balance functions before being converted to 8-bit gray scale. The gray scale 
images were then imported into the freeware program FIJI (Schindelin et al., 2012) where an 80 
pixel x 80 pixel region was measured for intensity using the histogram function, which provided 
the number of pixels that occurred for each grayscale integer value between 0 (black) and 255 
(white). Data from all three sections for each species were combined, and means and standard 
deviations calculated. 
 
III. Phylogenetic principle components analysis 
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We replicated the analysis of Hewes and Schwenk (Ch. 1) on an expanded dataset to examine 
patterns of morphological variation in the tongue and sublingual glands among tongue-feeding 
iguanians, tongue-feeding skinks, jaw-feeding skinks and jaw-feeding lacertids (Table 2, Figure 
2). We included C. zebrata, a close relative of T. scincoides (Gardner et al., 2008), in this 
analysis because it also uses lingual prey capture (Hewes and Schwenk, Ch. 1).  
We measured morphological features of the tongue that are related to hydrostatic 
deformation and mucus secretion, as these features were predicted to be functionally important 
during lingual prey capture (Table 4, see Gilbert et al., 2007; Kier and Smith, 1985; Noel and 
Hu, 2018; Smith and Kier, 1989, for information on muscular hydrostats). Sections were 
photographed on an Olympus CX21 microscope at 5x magnification using an iPad ocular 
attachment and a micrometer scale slide for reference. Once photographs were obtained, 
measurements of muscle and glandular area were conducted in the freeware program FIJI 
(Schindelin et al., 2012) (Figure 1 in Hewes and Schwenk, Ch. 1, illustrates the measurements 
listed in Table 4). Measurements that required counting individual muscle fibers were completed 
directly on the microscope at 10X magnification for better resolution.  
All measurements were made on transverse histological sections of the tongue and 
sublingual glands. Sections for measurement were chosen at a landmark defined as 
approximately 25% along the length of the tongue, anterior to posterior, corresponding to the 
prey contact area, as noted above. Due to its functional role in lingual prey capture, we expected 
that any traits unique to the lingual-feeding skinks, T. scincoides and C. zebrata, would be most 
readily apparent in this region. The section corresponding to the 25% landmark was defined as 
section 0. In order to capture variation around section 0, every other section in the anterior (-) 
 86  
and posterior (+) directions was also measured for a total of 11 sections per specimen. If any 
sections were damaged, the next available section was used.  
To reveal patterns of morphological variation in functionally relevant traits, we 
performed a phylogenetic principle components analysis (Revell, 2009) on ln-transformed 
morphometric data in R v.3.5.2 (R Core Team, 2017) using the phytools package v.6-99 (Revell, 
2012) and a trimmed version of the ultrametric tree by Tonini et al. (2016). Within phytools we 
set “method = corr” in order to employ a correlation matrix to standardize the data and set 
“mode=BM”. 
 
IV. Videography  
High-speed video was used to describe quantitatively and qualitatively the kinematics of lingual 
prey capture in the iguanian lizards A. agama, P. vitticeps, and S. malachiticus. These results 
were compared to those for T. scincoides from Hewes and Schwenk (Ch. 1). Lizards were filmed 
in glass aquaria and only one individual was filmed during each filming session. Before a 
session, each individual was placed in the aquarium under three banks of continuous (video) 
LED lights (500 LED lights, ikan®, Houston, TX) and allowed to acclimate for 30 min. Prey 
capture sequences were filmed using an Edgertronic SC1, monochrome camera fitted with a 
Nikon 105 mm, f/2.8 macro lens, at either 600 or 700 frames per second (fps). For each prey 
capture sequence, a food item was placed on a pre-marked point such that it was in the field of 
view and plane of focus of the camera. Filming sessions lasted approximately one hour but were 
terminated early if an individual refused food for more than five minutes.  
In order to control for the effects of prey type on feeding kinematics in quantitative 
analyses, we used only beetle larvae as prey (mealworms, Tenebrio molitor, and superworms, 
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Zophobas morio). Although different species, the larvae are morphologically similar and have 
similar surfaces. We also attempted to control relative prey size by maintaining as constant a 
prey:lizard weight ratio as possible (Table 1). Similar ratios were possible within lizard size 
classes (0.03–0.05 for Tiliqua and Pogona, and 0.1–0.2 for Agama and Sceloporus), but owing to 
upper and lower limits on prey size availability, there was a large difference between larger and 
smaller lizards. There are no indications to suggest that this difference had a significant effect on 
prey capture kinematics, but it cannot be ruled out either. 
 
V. Kinematic Data Analysis 
i. Gape cycle plots and phases 
We used gape cycle plots to depict changes in gape angle during a prey capture cycle, from 
initial jaw opening to the jaws closing around the prey item (Bramble and Wake, 1985). To 
quantify gape angle, anatomical landmarks were digitized using the free software program 
Tracker® v.4.11.0 (Brown, 2017). Only videos in which the lizard was lateral to the camera were 
used to create gape angle plots. Each video was calibrated using a scale bar, which was set as the 
previously measured nostril-eye distance of the individual in the video (Figure 3). Axes were 
established to orient the tracking software, with the y-axis set as the margin of the frame toward 
which the animal was facing and the x-axis set along the substrate just beneath the prey item. To 
measure gape angle, points were tracked on the distal ends of the upper and lower jaws, and at 
the jaw joint, identified as a point directly beneath the tympanum (Figure 3). The position of 
each point was digitized every other frame for a sampling rate of 300 or 350 points per second. 
The upper and lower jaw points were placed at distinctive labial scale junctions beneath the 
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nostril. The tympanum point was located using distinctive scale patterns. We used 10–12 lateral 
prey capture sequences to create a gape angle plots for each individual.  
 Variation in duration of a prey capture sequences makes direct comparisons of jaw 
kinematics among individuals and species difficult. Therefore, in addition to plotting gape angle 
vs. time, we also standardized gape cycles by plotting gape angle vs. percent of total sequence 
duration. Kinematic data were exported from Tracker® and the time-based x-axis was converted 
to a percentage-based x-axis in R v.3.5.2 (R Core Team, 2017). Once all capture sequences for 
an individual were converted to percent of total sequence duration (Figure 4, center column), we 
averaged gape angle values within each percentage to create an average gape angle plot for each 
individual to assess the overall shape and variance in the cycle (Figure 4, right column). For 
average gape cycle plots the data were smoothed using the ‘smooth.spline’ function in the R stats 
package (v.3.6.2) with spar = 0.4 to allow for depiction in overall shape of the gape cycle while 
reducing residual noise from the digitizing process. Data from all individuals were also 
combined by percentage to make a single ‘species plot’ for each of the iguanian species assessed 
(Figure 5). 
In addition to creating gape cycle plots, we also quantified the relative (percent) duration 
of standard gape cycle phases (Bramble and Wake, 1985) for each individual within each 
species. Lizard gape cycle phases are variable, but typical ingestion (capture) cycles in lingual-
feeding species consist of slow open I (SOI), slow open II (SOII), fast open (FO) and fast close 
(FC) (Schwenk and Throckmorton, 1989; Schwenk, 2000). If prey are held between the jaws 
after capture, a slow close-power stroke (SC-PS) is sometimes identified, as well. We measured 
relative gape phase durations for each capture sequence by marking inflection points in the gape 
plot indicating a change in rate of jaw opening or closing, i.e., a transition from one phase to 
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another. Three transition points were identified by eye and recorded for all standardized capture 
sequences for each individual: (1) SOI to SOII; (2) SOII to FO; and (3) FO to FC. If the point of 
transition was not clear based on visible inspection of the gape plot, it was not recorded. The 
relative duration of each gape phase was measured for each sequence and the mean and standard 
deviation were calculated for each individual. Relative duration of each gape phase was 
combined across all individuals of a given species to calculate average species values. 
ii. Tongue phases 
In order to compare patterns of lingual prey capture among species, we measured the durations 
of tongue protrusion, tongue-prey contact, and retraction (deemed ‘tongue phases’ by Hewes and 
Schwenk, Ch. 1). We define the start of protrusion as the frame at which the tongue could first be 
seen moving anteriorly in the mouth. However, we note that it is possible for the tongue to be 
moving anteriorly in the mouth before the jaws are open enough for it to be visible. Thus, it is 
possible that protraction lasts slightly longer than we could distinguish here. The start of contact 
was defined as the frame at which the tongue was first seen making contact with a prey item. The 
start of retraction was defined as the frame as which the tongue was first seen to move 
posteriorly towards the mouth. Tongue phase durations were calculated by dividing the number 
of video frames over which they occurred by frame rate. We then standardized tongue phase 
durations as we did gape plots by dividing the duration of each phase by the total duration of the 
gape cycle to generate a relative tongue phase duration (percent of total gape cycle). For these 
analyses we employed all videos used for gape plot analysis, plus additional videos that were not 
perfectly lateral, but adequate for these measurements.  
iii. Tongue retraction velocity and prey acceleration 
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We measured tongue retraction velocity and prey acceleration because these potentially affect 
the stress to which a prey item is subjected during prey capture and therefore the likelihood that 
it will detach from the tongue. We calculated tongue retraction velocities and prey accelerations 
for all three iguanian species from the same video sequences used in the analysis of tongue phase 
duration measurements. We also calculated these values for T. scincoides using video data from 
Hewes and Schwenk (Ch. 1). Using Tracker®, we recorded x-y coordinates for the anterior-most 
point of the tongue at the start of retraction (point 1) and in the last frame in which the tongue 
could be seen retracting into the mouth (point 2). The distance between points 1 and 2 was 
obtained using the Pythagorean theorem (Lang and Murrow, 1988) and then divided by 
retraction time to obtain average retraction velocity. 
To measure prey acceleration, the position of the prey item’s center of mass was marked 
at the start of retraction and was tracked over the first 25% of total retraction time. We restricted 
our analysis to the start of retraction because this is when acceleration is greatest and the 
likelihood of prey loss greatest. Starting velocity was zero, and final velocity was calculated 
using the method described above. Acceleration was found by calculating (final velocity-starting 
velocity)/retraction time. Finally, we examined the trajectory of the prey item as it was retracted 
into the mouth. 
iv. Statistical analysis of kinematics 
To determine if there are significant differences in kinematics between species or individuals 
during lingual prey capture, we analyzed the following quantitative variables: duration of the 
prey capture cycle; relative duration (percent of total cycle) of each gape phase (SOI, SOII, FO 
and FC); relative duration (percent of total cycle) of each tongue phase (protrusion, contact and 
retraction); average tongue retraction velocity; and prey acceleration. We ln-transformed the data 
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to normalize it and analyzed each kinematic variable using a nested ANOVA in R v.3.5.2 (R 
Core Team, 2017), with individual nested within species using the ‘aov’ function in the stats 
package (v.3.6.2). We then performed a posthoc test using the ‘pairwise.t.test’ function to 
determine pairwise p-values. Within the ‘pairwise.t.test’ function, we used a Bonferroni 
correction for pairwise comparisons between species. For pairwise comparisons between 
individuals, the ‘pairwise.t.test’ function returns unadjusted and adjusted pairwise p-values 
between all individuals in the dataset. The number of comparisons being corrected is very high, 
which can result in overcorrection of the p-values. To reduce the number of comparisons and 
restrict the analysis to pairwise comparisons between individuals within the same species, we 
used the ‘pairwise.t.test’ function for individual pairwise p-values, setting “p.adj=none,” to 
obtain unadjusted p-values between all individuals. We then extracted the unadjusted p-values 
for comparisons between individuals within each species, and adjusted those using a Bonferroni 
correction with the ‘p.adjust’ function in the stats package (v.3.6.2). All intraspecific pairwise 
values were assessed for each kinematic value except the relative duration of SOII, for which no 
pairwise value could be obtained between Harley and other individuals of P. vitticeps because 
Harley had only a single measurement for relative duration of SOII. 
 
VI. Visualization of tongue-prey adhesion 
To better visualize the mechanics of tongue-prey adhesion, we made qualitative observations of 
tongue-prey surface dynamics in high-speed videos of P. vitticeps, T. scincoides, and A. 
equestris. These species were chosen because of their large body size. We used three approaches. 
First, we scanned all videos for sequences in which tongue-prey surface interactions were 
visible. Second, we generated additional close-up videos of lizards at 500–1000 fps in which the 
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prey item was held fixed in place with forceps or other means. This prevented lingual prehension 
and forced the tongue to separate from the surface of the prey item. Third, we positioned a prey 
item immediately behind a rigidly fixed glass plate and filmed the interaction of the tongue with 
the glass surface in lateral and anterior views when the lizard attempted to capture the prey, 
(Pogona and Tiliqua only).  
 
VII. Prey capture performance 
Under comparable conditions, success rate is a good way to measure the effectiveness of lingual 
prey capture. We collected initial data on prehension success when feeding on mealworms in two 
species, T. scincoides and P. vitticeps, using three individuals each and six trials per individual. 
For each trial, an individual was placed on a flat surface and presented with five mealworms on 
the substrate 5 cm in front of it, oriented in a straight line perpendicular to the long axis of the 
lizard’s body. Using event counters, we counted the number of times a lizard attempted to ingest 
a worm and the number of times it was successful. To control for motivation, data from trials in 
which an individual failed to take all worms or did not show interest in feeding after five minutes 
were excluded. We divided the number of successful prey capture attempts by the total number 
of attempts to calculate the percent success in each trial.  
To determine if individuals or species differed in success rate, we analyzed the data using 
a nested ANOVA with individual nested within species in the ‘aov’ function in the stats package 
(v.3.6.2) in R v.3.5.2 (R Core Team, 2017). We performed a post hoc test with a Bonferroni 
correction using the ‘pairwise.t.test’ function to determine the pairwise p-value between species. 
We then followed the same procedure described above for the kinematic statistics to extract 
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I. Tongue morphology and phylogenetic principal components analysis 
Non-iguanian tongues have more well-developed and well-defined vertical, transverse, and 
longitudinal fiber systems, as well as smaller hyoglossus bundles surrounded by a greater 
number of circular fibers, compared to iguanians (e.g., Figures 1 and 2). All non-iguanians 
examined have short, keratinized, imbricate (scale-like) papillae on the dorsal tongue surface 
with broad muscular cores. None of the scincids or lacertids we examined have significant 
development of lingual mucocytes between the papillae of the foretongue (this study; Hewes and 
Schwenk, Ch. 1), as is typical of non-iguanian taxa, generally (Schwenk, 1988). However, 
Scincella sp., and Plestiodon skiltonianus have some mucocytes that extend from the hindtongue 
into the foretongue in low density. Uniquely, C. zebrata has distinctive papillary acinar glands 
that extend well into the foretongue. Iguanians differ dramatically from the non-iguanian species 
in these features. Within the prey contact zone, the papillae are thin, flexible, filamentous 
structures containing only collagen fibers and one or two muscle fibers within their cores (Figure 
1). In agamids and most dactylids, papillae in the foretongue tend to anastomose along their 
lengths to form reticular papillae. The papillae are covered in a dense layer of mucocytes along 
their lengths except for the tip. They form a radiating ‘crown’ of long papillae that vastly 
increase the surface area for the mucous epithelium (Figures 1 and 2). 
 Sublingual glands lie within longitudinal ridges lying below and just lateral to the foretongue. 
In some species they extend the entire length of the tongue. Anteriorly they typically turn 
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medially, lying directly beneath thickened, keratinous pads beneath the tongue tips (‘ventral 
pallets’) when the tongue is at rest in the mouth. Iguanian sublingual glands are poorly developed 
compared to those of non-iguanian species. They consist of compound, branched alveolar glands 
each of which has a large lumen, although there may be pockets of acinar glands, as well. In 
contrast, non-iguanian sublingual glands comprise long tubular glands that are densely packed 
with mucocytes and either lack a lumen or have a relatively narrow one. Notably, the sublingual 
glands in the two lingual-feeding scincids, T. scincoides and C. zebrata, are proportionately 
much larger than in other species, particularly in the former, in which the glands are massively 
hypertrophied compared to the other species examined. 
In the pPCA, T. scincoides and C. zebrata separate from other scincids, lacertids, and 
iguanians on both pPC1 and pPC2 (Figure 6). The variance explained by each principle 
component is listed in Table 5, with the first four components explaining over 95% of the 
variation. The first principle component explains the majority of the variation at 69.5%. All traits 
except for circular fiber number load highly and negatively on pPC1, suggesting that this 
principle component is dominated by tongue size and that most traits vary between species 
largely on this basis (Table 6). T. scincoides separates from other species on this axis by being 
larger in size, while C. zebrata’s pPC1 score is similar to that of other species (however, we note 
that the C. zebrata specimen used in this study was a neonate and therefore much smaller than an 
adult specimen would be). The second principle component explains much less variation than the 
first at 13.9% and is dominated by circular fiber number, with a much smaller contribution from 
sublingual gland area, hyoglossus area, and dorsal longitudinalis height (Table 6). T. scincoides 
and C. zebrata have the lowest pPC2 scores, reflecting high circular fiber number combined with 
high sublingual gland area and longitudinalis height, and low hyoglossus area. Jaw-feeding 
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skinks and lacertids also have relatively low scores on pPC2, reflecting their similarity to 
lingual-feeding skinks. In contrast, the iguanians have the highest scores on pPC2, reflecting an 
inverse trend in their traits. The third principle component explains 9.5% of the variance. pPC3 is 
primarily composed of papilla number, and to a lesser extent,  sublingual gland area (Table 6). 
There is no clear grouping in PC3, with scores being mixed among scincids, lacertids, and 
iguanians. The fourth principle component explains only 2.9% of the variance. Several traits 
have similar, low loadings on pPC4 including sublingual gland area, hyoglossus area, verticalis 
and transversalis height, longitudinalis height, and papilla number. There is no clear grouping in 
PC4, with scores being mixed among scincids, lacertids, and iguanians. 
 
II. Histochemistry 
In PAS-AB staining, neutral mucins react with PAS to stain a magenta color and acid mucins 
react with AB to stain blue. In the sublingual glands of jaw-feeding scincids and lacertids, the 
sublingual glands are densely packed with mucocytes that stained positive for PAS, taking on a 
homogenous, dark magenta color, indicating the presence of neutral mucins (Figure 7A-C). As 
noted, two scincids in the jaw-feeding group, Scincella sp. and Plestiodon skiltonianus, have 
lingual mucocytes in the crypts between papillae at very low density on the mid- and foretongue.  
 In most iguanians the lumina of the sublingual glands are lined with only a thin, single layer 
of dark-staining mucocytes, but in some species (e.g., Draco volans), the secretory layer is much 
thicker, though the glands are never as densely filled as in the scincids and lacertids (Figure 7). 
In all iguanians, the sublingual mucocytes tended to stain magenta, with some species exhibiting 
blue staining as well, indicating a combination of neutral and acid mucin secretion. Iguanian 
lingual mucocytes stained positive for PAS. The staining was a homogenous magenta color, very 
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similar to that of the jaw-feeding skinks and lacertids, suggesting the secretion of primarily 
neutral mucins. However, stain intensity was not uniform across species, varying between dark 
magenta and little differentiation from background levels (Figure 7D-F). 
In both lingual-feeding skinks (T. scincoides and C. zebrata), the sublingual glands 
stained positive for PAS; these were the only species that also stained strongly positive for alcian 
blue (AB), indicating the presence of acidic as well as neutral mucins (Figure 7G-H). In T. 
scincoides most of the gland stained a dark purple color, revealing a mix of acidic and neutral 
mucins. However some pockets of glandular tissue stained only magenta or only blue (neutral or 
acid mucins, respectively). In C. zebrata, the magenta- and blue-stained regions were largely 
segregated, with more medial mucocytes staining bright blue and more lateral ones staining 
magenta. The unique lingual acinar glands in C. zebrata consist of a mosaic of magenta PAS-
positive cells and blue AB-positive cells. 
PAS-AB stain intensity was consistently highest (darkest in grayscale) in the lacertids 
and jaw-feeding scincids and was, on average, lower (lighter in grayscale) and more regionally 
variable in the lingual-feeding scincids and iguanians (Figure 8, Table 7). This pattern suggests 
that there are more mucins in the salivary secretions of jaw-feeding species than in the lingual-
feeding species. There was no clear trend in whether the iguanian sublingual glands or papillae 
stained darker, nor were there any consistent differences between “iguanid”and agamid 
iguanians.  
 
III. Gape cycle kinematics 
i. Gape cycle plots and phases 
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On average, prey capture cycles were shortest in the two smallest species, S. malachiticus (0.25 
±	0.09s) and A. agama (0.32 ± 0.16s) and longest in the large species, P. vitticeps (0.49 ±	0.16s) 
and T. scincoides (0.48 ±	0.19s) (see Figure 9 for boxplots of all individual and species pairwise 
comparisons). There was no significant difference in prey capture duration between P. vitticeps 
and T. scincoides (p=1), or between S. malachiticus and A. agama (p=0.118). Within species, 
there was no significant difference in total duration between any of the T. scincoides or S. 
malachiticus individuals. There were some significant differences in pairwise comparisons of 
capture duration in A. agama and P. vitticeps individuals (Figure 9), but these differences were 
clearly not sufficient to mask the significant differences among species.  
Standardized gape cycle plots are similar for T. scincoides, A. agama, and S. 
malachiticus, with P. vitticeps being markedly different from the others (Figures 4 and 5). A. 
agama, and S. malachiticus display all four gape phases clearly, while the SOII phase is 
indistinct in T. scincoides and virtually nonexistent in P. vitticeps, on average (Figure 5). 
Nevertheless, gape cycles in two individuals of P. vitticeps (Jerky, Ean, and in some cases, 
Elliot) frequently showed modest SOII phases, but these were washed out in the species graph by 
the remaining individuals that lacked them (Figures 4 and 5). There were significant differences 
in relative duration of gape cycle phases between T. scincoides and the iguanians, and within 
iguanians (Figures 9 and 10, Table 8). SOI is significantly longer in P. vitticeps than in A. agama 
(p=1.35e-05) and T. scincoides (p=1.82e-06), and significantly shorter in A. agama (p=0.035) 
and T. scincoides (p=0.038) than in S. malachiticus. SOII is significantly shorter in P. vitticeps 
than in A. agama (p=1.08e-09), S. malachiticus (p=0.791e=05), and T. scincoides (p=0.308e-06), 
while also significantly shorter in T. scincoides than in A. agama (p=0.031). Relative FO 
duration is similar across species. FC is significantly longer in P. vitticeps than in A. agama 
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(p=2.458e-05) and S. malachiticus (p=1.544e-07) and longer in T. scincoides than in A. agama 
(p=0.396e-05) and S. malachiticus (p=2.277e-08). In addition to these differences between 
species, there was significant variation among some individuals in the relative durations of some 
phases within all species except S. malachiticus (Figures 9 and 10). 
ii. Tongue phases 
T. scincoides differed significantly from all iguanians in the relative durations of all three tongue 
phases, but none of the iguanians differed from each other (Figure 9, Table 9). Relative 
protrusion duration is significantly shorter in T. scincoides than in iguanians (T. scincoides-A. 
agama p=0.475e-40, T. scincoides-P. vitticeps p=1.18e-60, T. scincoides-S. malachiticus 
p=1.07e-37). Conversely, the contact phase is significantly longer in T. scincoides compared to 
iguanians (T. scincoides-A. agama p=0.584e-36, T. scincoides-P. vitticeps p=0.866e-46, T. 
scincoides-S. malachiticus p=1.578e-34), as is retraction (T. scincoides-A. agama p=1.828e-05, 
T. scincoides-P. vitticeps p=0.0013, T. scincoides-S. malachiticus p=2.85e-05). Protrusion was 
significantly different in only a single pairwise comparison among individuals of T. scincoides, 
but did not vary significantly within other species (Figure 9). Contact differed significantly 
among several P. vitticeps individuals, but did not vary within other species. Retraction was the 
most variable tongue phase among individuals, with significant differences within P. vitticeps, A. 
agama, and T. scincoides.  
Although tongue phases are clearly coordinated with gape phases, they are not coincident 
with them (Figure 10). Hewes and Schwenk (Ch. 1) described the relationship of tongue phases 
to the gape cycle in T. scincoides: protrusion starts near the end of SOI and continues through 
most of SOII. Prey contact is made near the end of SOII and continues through slightly more 
than half of FO, at which point retraction begins. Retraction lasts through the latter half of FO 
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and all of FC until the prey item is between the jaws. In iguanians protrusion begins earlier in the 
gape cycle, approximately halfway through SOI, and lasts until later in the cycle, ending at the 
beginning of FO (Figure 10). The contact phase begins later in iguanians than in T. scincoides: in 
P. vitticeps and S. malachiticus, prey contact begins roughly one third of the way through FO 
and is very brief; in A. agama, contact is similarly brief, but starts about halfway into FO. 
Tongue retraction in iguanians is similar to T. scincoides in starting halfway through FO and 
continuing through FC until the jaws are closed.  
iii. Tongue retraction velocity and prey acceleration  
There was no clear trend in average tongue retraction velocity (Table 10). A. agama (small) and 
P. vitticeps (large) retracted with the fastest average velocities (0.51 m/s and 0.55 m/s, 
respectively; no significant difference), while retraction velocities in S. malachiticus (small) and 
T. scincoides (large) were slowest (both 0.25 m/s; no significant difference). Several P. vitticeps 
individuals differed in average velocity in pairwise comparisons, as did one pair of T. scincoides 
individuals (Figure 9). 
None of the iguanians differed significantly in prey item acceleration, but all accelerated 
the prey significantly faster than T. scincoides (T. scincoides-S. malachiticus p=0.629e-08, T. 
scincoides-A. agama p=0.305e-08; T. scincoides-P. vitticeps p=1.217e-13) (Table 10). There 
were no significant differences among individuals within any of the species (Figure 9). 
 Prey item trajectory upon initial retraction (at maximum acceleration) was notably different 
between T. scincoides and the iguanians. In T. scincoides, the tongue and prey item are typically 
retracted back as a single unit with a straight, relatively flat trajectory (Figure 11), whereas in 
iguanians, the prey item is often rapidly ‘flipped’ over vertically as it retracted. During 
protrusion in iguanians, the mucosal, papillary surface of the tongue is curled ventrally, wrapping 
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around the anterior end of the muscular shaft of the tongue core and presenting the contact area 
toward the prey item (presumably the shaft of the tongue is held rigid by the protracted lingual 
process). As the tongue reverses direction, the papillary surface, with adherent prey, is abruptly 
retracted into its resting position, curling posterodorsally back around the end of the tongue, 
which typically causes the prey item to flip over, giving it semicircular trajectory as it is 
accelerated toward the mouth (Figure 11). 
 
IV. Tongue-prey adhesion 
Hewes and Schwenk (Ch. 1) showed that T. scincoides employs extensive shape change in the 
foretongue to secure the prey item during tongue contact and retraction. During contact the 
tongue surface not only moves anteriorly, rolling over the prey item, but expands laterally, 
maximizing the area of contact. During the early part of retraction, the tongue forms a saddle, 
with the tongue surface forming transverse elevations anterior and posterior to the prey item that 
act to hold it in place as the tongue is retracted (Figure 11). Nearly all tongue elongation and 
shape change during prey capture is generated by hydrostatic deformation. 
 The pattern of tongue-prey contact, adhesion and retraction we observed in the iguanians is 
very different. Although the tongue changes its conformation during protrusion as the papillary 
surface rolls ventrally, we did not observe any dramatic hydrostatic deformation of the tongue, or 
any sizeable increase in surface area of the contact zone (Figure 12). When the tongue contacts 
the prey item in iguanians, the area of contact is limited (Figure 12A-C). Typically, the tongue 
continues forward for a short time after making contact so that there is some conformation of the 
papillary surface around the prey item, but this is minimal. Often the arched tongue appears 
barely to touch the prey item. There is no significant shape change in the tongue after contact is 
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established. When tongue retraction is initiated, the ventrally curled, dorsal papillary surface 
flips back over the shaft of the tongue anteriorly and returns to a dorsal position (Figure 11). 
During this moment of high acceleration, as the prey item follows the surface of the tongue up 
and back, it is attached by only a small area of contact. 
 Close-up and glass plate videos reveal some details of prey adhesion in iguanians 
compared to T. scincoides (Figures 13 and 14). In iguanians, as the tongue is pulled away from 
the prey item, individual papillae in the contact zone visibly adhere to the prey surface and are 
stretched as the tongue is withdrawn until they finally detach, snapping back to the tongue 
(Figure 13C-D and Figure 14E-L). For some time after tongue and prey surfaces have separated, 
the patch of formerly adherent papillae in the contact zone remains stretched, forming a marked 
elevation on the dorsal surface of the tongue during retraction (Figure 14E-H). Copious mucus is 
apparent on the tongue surface, which is stretched into long, elastic strands as the tongue 
separates from the prey. Each papilla leaves an individual mucus strand behind, stretching 
between it and the prey surface until it finally snaps.  
 In T. scincoides, the prey item is supported on three sides within the broad area of the lingual 
‘saddle’ as it is accelerated and retracted toward the mouth. A large part of the prey surface is in 
contact with the tongue. When tongue-prey separation occurred, either naturally or because the 
prey item was held in place, we saw no signs of resistance from papillary adhesion and little 
mucus strand formation (Figures 13 and 14). Although ample mucus is present on the tongue 
surface, it does not form elastic strands as the tongue peels away from the prey item. In glass 
plate videos, there are no mucus strands evident and the flat, scale-like papillae do not appear to 
adhere individually to the glass. Rather the tongue delaminates from the glass in a continuous 
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sheet (Figure 13A-D). In som prey capture sequences, mucus strands are visible, but these are 
minimal and short compared to the iguanians. 
 
V. Prey capture performance 
P. vitticeps succeeded at capturing prey with the tongue significantly more frequently than T. 
scincoides (p = 2.18e-07) (Figure 15, Table 11). Across all three individuals, P. vitticeps had a 
range of capture success from 66.7-100% and a mean of 97.2 ±	0.09%. Across the three T. 
scincoides individuals, capture success ranged from 50-100%, with a mean of 68.9 ±	0.13%. 
There were no significant differences among individuals within P. vitticeps and there was only 




The roles of kinematics, papillary form, and mucus in the mechanism of tongue-prey 
adhesion 
Schwenk (2000) proposed a model of iguanian lingual adhesion, according to which the 
filamentous or reticular papillae engage in frictional interlocking with surface irregularities on 
the prey item, while lingual mucus establishes an adhesive bond via wet adhesion during contact. 
He further suggested that during retraction, the papillae orient passively to align with the 
direction of inertial, resisting stresses, converting shear strain into tension and maximizing the 
‘stickiness’ of the viscoelastic mucus, which tends to fail in shear. The time-dependent nature of 
the stress-strain relationship in a viscoelastic fluid means that the mucus stiffens (become 
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stickier) when stress is applied rapidly (Özkaya et al., 2012), as during the initial acceleration of 
a prey item when tongue retraction is initiated. 
 Our results for iguanians are in all respects consistent with the Schwenk (2000) model, 
particularly when contrasted with lingual prey capture in T. scincoides. The high density of 
mucocytes on iguanian lingual papillae, particularly in the tongue’s contact zone, reflects the 
important role of mucus in the iguanian adhesive system (Figures 1 and 2). All iguanian species 
in our study captured prey using a remarkably small area of tongue-prey contact, requiring only a 
brief contact phase that occupies a significantly shorter part of the gape cycle than in T. 
scincoides (Figures 10 and 12, Table 9). The iguanian retraction phase is also relatively shorter 
than in T. scincoides and the prey item is accelerated much more quickly and along a trajectory 
that, without effective adhesion, would tend to shear it from the tongue’s surface by virtue of its 
inertia (Figure 11, Table 10). Despite the challenges posed by a small tongue-prey contact area, 
rapid acceleration and significant shear stress, lingual prey capture in an iguanian (P. vitticeps) is 
far more successful than in T. scincoides (Figure 15, Table 11).  
Total lingual prey capture duration in T. scincoides is virtually identical to that P. 
vitticeps, a similarly sized iguanian, but contact and retraction phases are proportionately, and 
therefore absolutely, longer in T. scincoides compared to iguanians (Table 9). The greater contact 
time in T. scincoides reflects its extensive use of hydrostatic deformation to establish a tongue-
prey bond (Hewes and Schwenk, Ch. 1). Hydrostatic elongation rolls the tongue anteriorly over 
the prey, while simultaneously the foretongue splays out laterally to engulf the prey item as a 
result of dorsoventral compression. We believe that T. scincoides devotes more time to contact 
because it relies on a large surface area to effect prey adhesion owing to relatively weak adhesive 
bonding. In T. scincoides the weak adhesive bond is reinforced by physical restraint with the 
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prey item held within a lingual depression that prevents it from shearing off the surface during 
retraction (Hewes and Schwenk, Ch. 1). Furthermore, the prey item is accelerated more slowly 
than in iguanians and is usually returned to the mouth along a flat trajectory that maintains 
constant physical support. Presumably, these actions serve to reduce the stress acting on the 
tongue-prey bond during retraction. Despite all of these compensatory measures, however, T. 
scincoides is roughly ten times more likely to fail in a capture attempt than P. vitticeps (Figure 
15, Table 11).  
It is likely that an important cause of the difference in the efficacy of tongue-prey 
adhesion between T. scincoides and iguanians is the different in their papillary forms. As in all 
scincids that have been studied, T. scincoides has squat, imbricate, scale-like papillae with 
smooth, flat, keratinized surfaces (Hewes and Schwenk, Ch. 1; Schwenk, 1988; contra Abbate et 
al., 2009). A consequence of this papillary form is that the tongue surface behaves like a 
featureless plane. In contrast, iguanian papillae are thread-like and flexible, which allows them 
not only to translate shear into tensile stresses, but permits individual, papillary interactions with 
the prey surface, including both frictional interlocking and individual points of wet adhesion. 
The latter is most apparent, as well as most functionally critical, when the prey surface begins to 
separate from the tongue. Figures 13 and 14 show that each papilla, or small groups of papillae, 
bonds independently to the prey surface and that as tongue-prey distance increases, they remain 
attached to the prey surface by strands of mucus. In contrast, the flat surface of the tongue in T. 
scincoides does not allow individual papillae to form adhesive bonds with the prey surface. This 
morphological distinction may be functionally important in two ways. First, multiple points of 
contact between the prey item and the tongue surface generate many more mucus strands 
between the surfaces during separation. These strands are a manifestation of the mucus’s elastic 
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behavior. This phenomenon is known as “stringing” and it acts to slow separation (which leads 
to failure) by holding the surfaces together and slowing ‘crack’ propagation through the adhesive 
fluid, in this case, mucus (Fowler et al., 2018; Kendall, 1994). Stringing is a conspicuous aspect 
of lingual prehension in iguanians that was only minimally observed in T. scincoides (Figure 14), 
suggesting that the tongue-prey bond in the latter species is more ‘brittle’ and therefore, more 
easily severed, causing loss of the prey item. Of course, the propensity for stringing also depends 
on the chemical constituents and mechanical properties of the adhesive mucus. A second 
consequence of the difference between iguanian and T. scincoides tongue surfaces relates to the 
dependence of wet adhesion on surface tension forces (capillarity) generated by the meniscus 
that forms in the adhesive fluid between contacting surfaces (Cai and Bhushan, 2007; Vogel and 
Steen, 2010). Since these forces are generated at the perimeter of the meniscus, the surface 
tension component of wet adhesion increases with increasing meniscus circumference (Vogel 
and Steen, 2010). Therefore, in a given area of tongue-prey contact, a much greater total 
circumference—and therefore much greater adhesive force—is created with many small menisci 
as compared to one or a few large menisci (“perimeter packing”, Vogel and Steen, 2010; De 
Souza et al., 2008). Given the continuous surface of the scincid tongue, relatively few, large 
menisci are likely to form during prey capture in T. scincoides, whereas the numerous, individual 
points of papillary contact in iguanians may generate much greater adhesive force by means of 
perimeter packing within the contact area. 
The composition of lizard salivary mucus may be just as important in tongue-prey 
adhesion as the papillary form, particularly in iguanians. Gabe and Saint Giron (1969) showed 
histochemically that the lingual mucocytes on the iguanian foretongue typically produce a ‘sero-
mucous’ secretion, meaning it is composed primarily of a watery, proteinaceous fluid, mixed 
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with a relatively small quantity of glycosaminoglycans (mucopolysaccharides), typically mucins. 
The concentration of mucin is important in determining the physical properties of the mucus 
(Bansil et al., 1995, 2013; Demouveaux et al., 2017; Denny, 1983; Wainwright et al., 1976; Wolf 
et al., 1977a,b). At high concentrations the crosslinks among mucin molecules become more 
permanent, forming a high-viscosity gel, while at lower concentrations the crosslinks are more 
transient, leading to viscoelasticity (Bansil et al., 1995). Viscoelasticity and viscosity, in turn, 
determine many of the mucus’s properties, such as its stickiness, permeability, wettability, 
degree of time-dependence, and reactions to different stresses (Bansil et al., 1995; Demouveaux 
et al., 2017; Wainwright et al., 1976; Wolf et al., 1977a,b). However, outside of some biomedical 
contexts, very little functional work (e.g., rheometry) has been done to assess the effects of 
mucins on the mechanical properties of mucus. In one recent study, Fowler et al. (2018) 
demonstrated that mucins play a key part in the tongue-prey adhesive mechanism of horned frogs 
(Ceratophrys sp.) by forming fibrils that resist strain (stringing, as discussed above). Other 
constituents of mucus such as proteins, as well as other factors such as mucus pH and salinity, 
can also affect its mechanical behavior (e.g., Demouveaux et al., 2017; Lai et al., 2009; Pawlicki 
et al., 2004), but mucins are particularly informative about mucus mechanics and their presence 
can be assessed histochemically (Bancroft and Stevens, 1982; Demouveaux et al., 2017).  
Viscoelastic materials respond to stress in a time-dependent manner, i.e., a rapid 
application of stress causes less strain than a slower rate of stress application (Özkaya et al., 
2012). In other words, if it is stressed rapidly, a viscoelastic material stiffens and becomes sticky 
or more glue-like. Our histochemical staining of mucin confirms that iguanians tend to have 
lighter staining than jaw-feeding scincids and lacertids, indicating a lower mucin concentration 
and probably a less viscous, more viscoelastic mucus. High mucus viscoelasticity in iguanians is 
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further supported by the extensive stringing we observed in iguanians. When mucus strands were 
stretched to breaking, they failed catastrophically, often breaking into many fragments rather 
than snapping back into place. Stretching reflects the mucus’ elasticity, sudden breaking, its 
viscous component. 
Interpretation of our histochemical results for T. scincoides and C. zebrata, is a more 
ambiguous. Gabe and Saint Giron (1969) showed that non-iguanian squamate mucus tends to be 
either ‘mucous’ or ‘muco-serous’, meaning, respectively, that the mucus is composed almost 
completely of mucins, or it is composed primarily of mucins, but mixed with some more watery 
proteinaceous secretions. While we did not stain for proteins, our histochemical staining suggests 
that the degree of mucin secretion varies among scincids. Notably, the sublingual glands in T. 
scincoides and C. zebrata stained less intensely (have less mucin) than those in their jaw-feeding 
relatives and lacertids, on par with the values measured in both the sublingual glands and lingual 
mucocytes of iguanians. This suggests that the salivary mucus in lingual-feeding skinks may 
have viscoelastic properties comparable to those seen in iguanians, although there was little 
macroscopic evidence of this in our videos.  
Although our histochemical data suggest that lingual-feeding skinks and iguanians have 
mucus that has converged in its physical properties, the mucus may not be subjected to the same 
stresses in both cases and the functional role of the mucus may be different. For example, the 
significance of a more serous mucus in T. scincoides might be its greater wettability, allowing it 
to spread faster and more evenly across the keratinized surfaces of the imbricate papillae. It may 
also be significant that among all the species examined histochemically, T. scincoides and 
particularly, C. zebrata, were the only ones to stain strongly for acid mucins, the functional and 
mechanical significance of which is unknown.  
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Finally, it is worth noting that the anatomical origin of the mucus covering the tongue is 
different in iguanian and non-iguanian species. It is likely that the location of mucus secretion 
directly on the lingual papillae in iguanians is an important feature of their feeding system, as 
opposed to indirect delivery of mucus to the foretongue via the sublingual glands in scincids and 
other taxa. Hewes and Schwenk (Ch. 1) found that the sublingual glands in T. scincoides and C. 
zebrata are greatly enlarged compared to those in all other taxa, including other scincids. They 
observed that the sublingual glands were frequently depressed, possibly expressing mucus, as the 
foretongue, with its sides curled ventrally, was drawn between them and coated with saliva. This 
may be another compensatory adaptation in lingual-feeding skinks to maximize mucus delivery 
to the surface of the foretongue where it is used in prey prehension.  
 Lingual prey capture systems in T. scincoides and iguanians represent two ends of a 
spectrum. Iguanians have very strong lingual adhesion and therefore can retract quickly after 
tongue-prey contact, whereas T. scincoides has weaker adhesion and therefore must be retract 
more slowly, using other methods besides papillary adhesion and sticky mucus, such as physical 
cupping, to hold the prey. Anecdotal evidence shows that some generalized (non-chameleon) 
iguanians can lift their own body weight with the tongue (Schwenk, 2000), whereas T. scincoides 
struggles to hold pinkies (neonate mice, 0.38% of T. scincoides body weight) on the tongue 
(Hewes and Schwenk, Ch. 1). The greater effectiveness of the iguanian system is supported both 
by the empirical evidence reported in this study and by theory.  
 
Convergence and historical contingency in the evolution of lingual prey capture systems 
T. scincoides and iguanians have convergently arrived at a feeding strategy that relies on lingual 
prey capture—obligate in iguanians, facultative in T. scincoides. However, convergence doesn’t 
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extend beyond the behavior and the fact that both systems rely to some degree on mucus-based, 
wet adhesion. Beyond this, there is little evidence to suggest that lingual prey capture is so 
functionally constrained that only one mechanical solution is possible. 
 We found that tongue morphology in the lingual-feeding skinks T. scincoides and C. zebrata 
does not unite them with jaw-feeding skinks and lacertids in morphospace, but more importantly, 
it does not unite them with iguanians, either (Figure 6). This pattern supports the notion that T. 
scincoides and C. zebrata are evolving along a unique, lingual-feeding trajectory that was 
influenced by the phenotype of their shared jaw-feeding ancestor. Kinematically, gape cycle plot 
shape is rather similar between T. scincoides and iguanians (Figures 3 and 4). While similar gape 
cycle phases do seem to have convergently evolved in both T. scincoides and iguanians, it is 
unclear whether the similarity represents convergence in intrinsic neurological processes, such as 
a central pattern generator (Herrel et al., 2001; Roth and Wake, 1989), or is simply a kinematic 
inevitability of using a protruded tongue to capture prey (Smith, 1994). There was no clear trend 
in the relative duration of gape cycle phases, suggesting that they may be species-specific and 
that iguanian gape cycles are not inherently more similar to those of other iguanians than to that 
of T. scincoides.  
 In this study we have identified two very different systems that accomplish the same task in 
different ways, and there are likely to be other strategies for performing lingual prey capture 
across the Squamata. For example, the cordylid Oroborus cataphractus has been shown to use 
the ventral surface of the foretongue in prey capture (Broeckhoven and Le Mouton, 2013, 2015) 
in a behavior that looks more like tongue-flicking than typical lingual prehension. The O. 
cataphractus phenotype represents a third system of lingual prey capture, further undermining 
any case for physical constraints driving convergent evolution. 
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 To some extent, any animal with a moist tongue can stick small things to its surface, relying 
on simple wet adhesion. Ultimately, however, it is prey-capture performance in a particular 
environmental context that will influence feeding success, and therefore selection and evolution. 
Thus, a rudimentary system is unlikely to persist without an alternative or duplicated system 
(e.g., jaw-feeding), allowing selection time to increase lingual-feeding performance— feed 
faster, feed on larger prey, increase success rate, etc. How an increase in performance is 
accomplished depends a great deal on the ancestral starting point. For example, all evidence 
suggests that T. scincoides had a relatively recent, jaw-feeding ancestor with a hydrostatic 
foretongue decoupled from the hyobranchium, used largely for chemosensory tongue-flicking, 
and covered with flat, scale-like papillae. If selection acts on such a phenotype to increase 
lingual prey capture performance, a simple start would be to increase the surface area of prey 
contact to maximize wet adhesion by widening the foretongue and exploiting existing, intrinsic 
mechanisms to manipulate the shape of the tongue so that it physically reinforces prehension of 
the prey item. In T. scincoides, these lingual-feeding enhancements do not in any way appear to 
trade-off with ancestral adaptations for chemosensory tongue-flicking behavior, as they do in 
iguanians. As such, the lingual prey capture system exhibited by T. scincoides clearly manifestats 
the history of its scincid lineage. Although this history has apparently prevented T. scincoides 
from evolving a mechanism that performs as well as the iguanian system appears to be, it is 
nevertheless sufficient within its own environmental context and as long as the critical function 
of prey capture exists in duplicate form (tongue- and jaw-prehension). Given the disparity 
evident among just a few lingual-feeding systems,it is likely that historical contingency has 
greater explanatory value for the phenotypic differences we observe among squamate lineages 
than adaptive evolution toward different functional optima. 
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Summary of key findings 
We show that iguanians rely on an extremely ‘sticky’ tongue to capture prey. Their highly 
effective lingual adhesion mechanism includes the following components: 1) long, filamentous 
papillae; 2) copious, viscoelastic mucus; 3) the translation of shear into tensile stresses by 
passive reorientation of papillae; 4) “perimeter packing” to maximize surface tension forces in 
wet adhesion; 5) mucus “stringing” to retain prey during rapid tongue acceleration. These 
attributes allow iguanians to capture prey quickly and successfully with only a small contact 
area. In contrast, the evolution of lingual prey prehension in Tiliqua scincoides has followed a 
very different trajectory which we suggest was largely determined by its jaw-feeding, tongue-
flicking ancestry. Its prehension strategy is very different, including the following: 1) enlarged 
sublingual glands as a source of lingual mucus rather than lingual glands; 2) a large area of 
contact between tongue and prey generated by hydrostatic deformation of the foretongue; 3) 
physically holding the prey within the folds of a convoluted tongue surface; 4) reduced 
acceleration of the prey toward the mouth; 5) a flat retraction trajectory so that the prey item is 
always supported. Given the lack of a sticky tongue, as exemplified by the iguanian system, T. 
scincoides seems to have compensated by maximizing contact area and ‘grasping’ the prey 
within folds of a dynamically-shaped tongue, combining physical barriers with relatively weak 
wet adhesion to prevent the prey item from shearing off the smooth tongue surface during 
retraction. Despite these putative adaptations, preliminary data show that lingual prey capture 
nevertheless fails in T. scincoides ten times more frequently than in a similarly sized iguanian. 
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TABLES 
 
Table 2.1 Sex, weight, SVL, and prey/lizard weight ratios of all individuals used in this 
study and in Tiliqua scincoides (Hewes and Schwenk, submitted) for comparison. 




(cm) Prey Type 
Prey/Lizard 
Wt Ratio (%) 
Pogona vitticeps Male Harley 575.6 24.2 mealworms 0.03 
 Male Elliot 381 20 mealworms 0.05 
 Male Norbert 606 21.8 mealworms 0.03 
 Male Ean 494.5 22.5 mealworms 0.04 
 Male Jerky 408 22.4 mealworms 0.05 
Agama agama Female AA1 47.8 10.5 mealworms 0.2 






 Male Spunky 10.5 6.8 mealworms 0.2 
Animals from Hewes and Schwenk (submitted) 
Tiliqua scincoides  Female Stella 440 27 superworms 0.03 
 Male Leo 422 28 superworms 0.03 
 Female Tiny 405 28 superworms 0.03 
 Male Stumpy 421 28 superworms 0.03 
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Table 2.2 Histological specimens used for morphological comparison and phylogenetic 
principle components analysis. Measurements of specimens in Scincidae and 
Lacertidae were made by Hewes and Schwenk (submitted). For all species n=1. 
Species Family Prey Capture Mode1 
             Iguania 
Crotaphytus bicinctores Crotaphytidae2 Tongue 
Liolaemus monticola Liolaemidae2 Tongue 
Anolis bonairensis Dactyloidae2 Tongue 
Urosaurus graciosus Phrynosomatidae2 Tongue 
Sceloporus occidentalis Phrynosomatidae2 Tongue 
Phrynosoma cornutum Phrynosomatidae2 Tongue 
Draco volans Agamidae Tongue 
Phrynocephalus helioscopus Agamidae Tongue 
Uromastyx hardwickii3 Agamidae Tongue 
                 Non-iguanians (“scleroglossans”) 
T. scincoides  Scincidae Jaw/Tongue 
C. zebrata Scincidae Jaw/Tongue 
Plestiodon skiltonianus Scincidae Jaw 
Lamprolepis smaragdina Scincidae Jaw 
Scincella sp., Scincidae Jaw 
Ctenotus sp Scincidae Jaw 
Lacerta viridis Lacertidae Jaw 
Podarcis muralis Lacertidae Jaw 
1Lingual prey capture at low frequencies cannot be ruled out for putative jaw-feeding 
species. 
2Taxa representing pleurodont iguanians, i.e., members of the traditional family 
“Iguanidae” 
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Table 2.3 Histological specimens used for PAS-AB histochemistry.  




Anolis bonairensis  Dactyloidae2 Tongue 1 
A. krugi Dactyloidae2 Tongue 1 
Urosaurus graciosus Phrynosomatidae2 Tongue 1 
Sceloporus occidentalis Phrynosomatidae2 Tongue 1 
Phrynosoma cornutum Phrynosomatidae2 Tongue 1 
Crotaphytus bicinctores Crotaphytidae2 Tongue 1 
Liolaemus monticola Liolaemidae2 Tongue 1 
Tropidurus sp. Tropiduridae2 Tongue 1 
Stellagama stellio Agamidae Tongue 1 
Draco volans Agamidae Tongue 1 
Phrynocephalus helioscopus Agamidae Tongue 2 
Phrynocephalus sp. Agamidae Tongue 1 
Liolepis belliani Agamidae Tongue 1 
Goniocephalus sp. Agamidae Tongue 1 
Uromastyx hardwickii3 Agamidae Tongue 1 
Non-Iguanian Species 
T. scincoides Scincidae Jaw/Tongue 2 
Corucia zebrata Scincidae Jaw/Tongue 1 
Eumeces sp. Scincidae Jaw 1 
Plestiodon skiltonianus  Scincidae Jaw 1 
Lamprolepis smaragdina Scincidae Jaw 1 
Scincella sp. Scincidae Jaw 1 
Ctenotus sp. Scincidae Jaw 1 
Lacerta viridis Lacertidae Jaw 1 
Podarcis muralis Lacertidae Jaw 1 
1Prey prehension modes are known/established for all tongue- and tongue/jaw-feeding 
species, but lingual prey capture at low frequencies cannot be ruled out for putative 
jaw-feeding species. 
2Taxa representing pleurodont iguanians, i.e., members of the traditional family 
“Iguanidae” 
3Saara hardwickii, according to Wilms et al. (1995) 
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Table 2.4 Morphological traits measured for phylogenetic PCA and their presumed 
functions (from Hewes and Schwenk, submitted). 
Trait Measurement Putative Function  
Papilla number Total number of papillae Adhesion 
Tongue width Length of the widest part of the 
tongue 
Adhesion by providing 
more surface area; also 
a measure of tongue 
size 
Tongue height Height of the tongue, always 
measured on the right side 
Measure of tongue size 
Total hyoglossus 
area 




Area of both sublingual glands Mucus production 










Total circular fiber 
number 
Number of circular fibers on the 
lateral portion of the hyoglossus, 
averaged on the left and right sides 
of the tongue and then summed 
Lengthening via 
decreasing the diameter 
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Table 2.6 Loadings of morphological traits on the first four phylogenetic principle 
components. Highest loadings are bolded. 
 
Morphological Traits Loadings 
pPC1 pPC2 pPC3 pPC4 
Tongue width -0.94676 -0.00624 0.02580 -0.02241 
Tongue height -0.97735 -0.02017 0.01686 -0.01487 
Sublingual gland area -0.81459 -0.19960 0.43662 0.26278 
Hyoglossus area -0.92638 0.19157 0.05082 -0.24821 
Verticalis & transversalis height -0.94184 0.11668 -0.01454 0.18324 
Longitudinalis height -0.93559 -0.20501 0.04388 -0.21813 
Average circular fiber number 0.02547 -0.98305 -0.16717 -0.02065 
Papilla number -0.65142 0.10380 -0.72959 0.12680 
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Table 2.7 PAS-AB stain intensity in lingual sublingual glands (SLG) and lingual 
mucocytes (LM), if present. Values shown are means and standard deviations of gray 











T. scincoides 1 Scincidae Jaw/Tongue  SLG 27.5 6.6 
T. scincoides 2 Scincidae Jaw/Tongue  SLG 20.4 11.3 
Corucia 
zebrata 
Scincidae Jaw/Tongue  SLG 85.2 40.2 
Eumeces sp. Scincidae Jaw  SLG 15.1 3.3 
Plestiodon 
skiltonianus  
Scincidae Jaw  SLG 14.0 8.2 
Lamprolepis 
smaragdina 
Scincidae Jaw  SLG 7.5 6.4 
Scincella sp. Scincidae Jaw  SLG 10.5 9.5 
Ctenotus sp. Scincidae Jaw  SLG 15.6 13.0 
Lacertids 
Lacerta viridis Lacertidae Jaw  SLG 11.1 7.4 
Podarcis 
muralis 
Lacertidae Jaw  SLG 16.8 9.1 



















Dactyloidae Tongue 35.4 30.3 76.7 30.7 
A. krugi Dactyloidae Tongue 67.8 15.2 38.8 22.8 
Urosaurus 
graciosus 
Phrynosomatidae Tongue 25.1 8.2 13.0 10.6 
Sceloporus 
occidentalis 
Phrynosomatidae Tongue 23.2 5.6 24.3 10.4 
Phrynosoma 
cornutum 
Phrynosomatidae Tongue 34.0 16.1 30.3 20.3 
Crotaphytus 
bicinctores 
Crotaphytidae Tongue 25.1 21.5 29.9 11.8 
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Liolaemus 
monticola 
Liolaemidae Tongue 68.1 25.8 21.6 8.6 
Tropidurus sp. Tropiduridae Tongue 113.2 21.8 27.4 8.9 
Stellagama 
stellio 
Agamidae Tongue 51.6 23.8 25.5 13.7 
Draco volans Agamidae Tongue 21.5 10.6 43.4 29.9 
Phrynocephalus 
helioscopus 1 
Agamidae Tongue 108.7 12.4 90.6 35.3 
Phrynocephalus 
helioscopus 2 
Agamidae Tongue 11.8 9.1 20.3 17.3 
Phrynocephalus 
sp. 
Agamidae Tongue 29.4 17.0 33.5 18.6 
Liolepis belliani Agamidae Tongue 14.8 6.4 62.0 23.0 
Goniocephalus 
sp. 
Agamidae Tongue 62.2 24.6 42.2 31.2 
Uromastix 
hardwickii 
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Table 2.8 Mean relative durations of gape cycle phases ± S.D. for T. scincoides, A. 





Percentage of gape cycle (±	S.D.) 
 Iguanians 
T.  scincoides A. agama P. vitticeps S. malachiticus 
SOI    46.5 ±	11.7 45.0 ±	10.7 62.9 ±	8.4 55.3 ±	9.0 
SOII  21.3 ±	8.4   29.2 ±	8.5 11.9 ±	5.3 21.5 ±	7.8 
FO 17.1 ±	5.2   17.4 ±	8.5 14.2 ±	5.6 15.8 ±	3.9 
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Table 2.9 Mean relative durations of tongue cycle phases expressed as a percent of 
total gape cycle duration. Mean ± S.D. (data for T. scincoides from Hewes and 




Percentage of gape cycle (±	S.D.) 
 Iguanians 
T. scincoides A. agama P. vitticeps S. malachiticus 
Protrusion        20.2 ±	7.0 58.5 ±	8.0 59.8 ±	9.7 53.1 ±	11.8 
Contact        14.2 ±	5.5   3.0 ±	1.2   3.6 ±	1.3 3.4 ±	1.3 
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Table 2.10 Tongue velocity and prey acceleration during the retraction phase of lingual 
prey capture. Mean ± S.D. 
 
Species Taxon Velocity (m/s) Acceleration (m/s2) 
P. vitticeps  Iguania 0.55	±	0.09 55.9 ± 21.4 
A. agama  Iguania 0.51	±	0.09 57.0 ± 22.8 
S. malachiticus Iguania 0.25	±	0.07 52.8 ± 14.8 
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Table 2.11 Prehension success and failure rate, and ratio of prehension failure to 
success, in P. vitticeps and T. scincoides.  
 
Species Percent Success (mean ± SD) 
P. vitticeps (Agamidae) 97.2 ± 0.09 
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FIGURES 
 
Figure 2.1 A comparison of iguanian (left side and G) and non-iguanian (right side and 
H) lizard tongue morphology. A-B = Filamentous lingual papillae in Sceloporus 
occidentalis (sagittal section) and imbricate, scale-like papillae in Tiliqua scincoides 
(transverse section) illustrating fundamental differences in the form of the foretongue 
papillae in iguanian and non-iguanian lizards, respectively. Iguanian foretongue papillae 
are always high-profile (filamentous or reticular) and covered on their flanks with a 
simple mucous epithelium, whereas in non-iguanians they are low-profile (scale-like, 
peg-like, or absent) and typically devoid of mucocytes. C-D = Transverse sections 
through the foretongues of Stenocercus sp. (Tropiduridae) and Eumeces sp. 
(Scincidae). The glandular, papillary surface of iguanians typically forms a crown-like 
covering that wraps laterally and ventrally over a cylindrical, muscular core. In non-
iguanian taxa the foretongue is typically narrow and relatively flat. E-F = Sections 
through foretongue papillae in Phrynosoma sp. (Phrynosomatidae) and Plestiodon 
skiltonianus (Scincidae). In the former, two papillae on the left are sectioned tangentially 
through the mucous epithelium. The hexagonal shape of individual mucocytes in cross-
section is a consequence of exceptionally tight packing, suggesting that their density is 
maximized. By contrast, in the few cases in which lingual mucocytes extend onto the 
foretongue in non-iguanian species, they are restricted to small pockets within axillary 
regions between papillae. G-H = Mid-sagittal sections through the tongues of Agama 
hispida (Agamidae) and Podarcis melisellensis (Lacertidae). In iguanians, a robust 
lingual process of the hyobranchium extends through most of the tongue’s length, 
whereas in non-iguanian taxa, the process fails to penetrate the foretongue, ending at 
no more than half the tongue’s length. In addition, the process in non-iguanian species 
often extends beneath the tongue rather than through its core (as in C). Finally, the 
laryngohyoid ligament in iguanians extends from the larynx to the anterior tip of the 
process, running diagonally through the tongue’s muscular core (the posterior part of 
the ligament is just outside the plane of section in G), whereas in non-iguanian taxa it 
attaches to the process much farther posteriorly and runs parallel to its dorsal surface 
for most of its length. These differences reflect the fact that most of the tongue in 
iguanians is adherent to the hyobranchium, with most protraction coupled to 
hyobranchial movement; only a small part of the foretongue is capable of independent 
elongation and shape change. In contrast, the entire foretongue in non-iguanian taxa is 
capable of extensive hydrostatic elongation, shape change and protrusion independent 
of hyobranchial movement. A, B, C, and G = Weigert iron hematoxylin and picro-
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Figure 2.2 Specimens measured for phylogenetic PCA. A-E = jaw-feeding skinks, F-G 
= lacertids, H-I = lingual feeding skinks, J-O = iguanids, and P-R = agamids. A = 
Plestiodon skiltonianus, B = Eumeces sp., C = Lamprolepis smaragdina, D = Ctenotus 
sp., E = Scincella sp., F = Podarcis muralis, G = Lacerta viridis, H = Tiliqua scincoides, I 
= Corucia zebrata, J = Crotaphytus bicinctores, K = Liolaemus monticola, L = Anolis 
bonairensis, M = Phrynosoma cornutum, N = Urosaurus graciosus, O = Sceloporus 
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Figure 2.3 Points digitized for calculating gape angle. The vertex of the angle is the jaw 
joint located at the base of the quadrate as indicted externally by the bottom of the 
external auditory meatus. Jaw position was marked by lines connecting the vertex to 
distinctive labial scale margins on the mandible and upper jaw. The scale was set using 
the eye-nostril distance, indicated with the double-sided arrow. The y-axis was set as 
the margin of each video frame towards which the animal was facing and the x-axis was 
set along the substrate directly beneath the prey item. A = P. vitticeps; B = S. 
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Figure 2.4 Raw, standardized and average gape angle data for all individuals. The left 
column shows raw gape angle data for each individual. The center column shows 
standardized gape angle data from 0–100% for each individual (see text). The right 
column shows mean and standard error of gape angle from 0–100% of the gape cycle 
for each individual. Gape plots in column 3 were smoothed using the ‘smooth.spline’ 
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Figure 2.5 Columns show mean and standard error of gape angle from 0–100% of the 
gape cycle for each individual within each species. The mean gape plot for each 
species, also showing mean and standard error of gape angle from 0–100% of the gape 
cycle, is at the bottom of each column outlined in red. Gape plots were smoothed using 
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Figure 2.6 Phylogenetic PCA of lingual-feeding skinks, jaw-feeding skinks, lacertids, 
and iguanians. Taxa are depicted as squares, nodes are depicted as circles, lines 
represent branches on the phylogenetic tree that connect taxa. Yellow = lacertids, 
Orange = jaw-feeding skinks, Green = iguanids, Purple = agamids, Blue = lingual-
feeding skinks. SLG area = sublingual gland area, Hg area = hyoglossus area, V&T 
height = verticalis and transversalis height, LF height = longitudinalis fiber height.  
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Figure 2.7 Exemplar PAS-AB staining in jaw-feeding skinks and lacertids, iguanians, 
and lingual-feeding skinks. A-B = jaw-feeding skinks, C = lacertids, D-F = iguanians, 
and G-H = lingual-feeding skinks. A = Plestiodon skiltonianus, B = Eumeces sp., C = 
Lacerta viridis, D = Crotaphytus bicintores, E = Anolis bonairensis, F = Draco volans, G 
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Figure 2.8 Mean gray value (error bars represent ± S.D.) of PAS-AB staining in scincid, 
lacertid, and iguanian species. Yellow = lacertid, Orange = jaw-feeding scincid, Blue = 
lingual-feeding scincid, Dark green = iguanid sublingual glands, Dark purple = agamid 
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Figure 2.9 Boxplots for each individual (left column) and each species (right column) for 
ln-transformed measurements all kinematic variables. In both columns, green = P. 
vitticeps, red = A. agama, blue = S. malachiticus, purple = T. scincoides. Asterisks 
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Figure 2.10 Idealized gape plot for the three iguanian species examined, showing the 
temporal relationship between gape phases and tongue phases. Plot for T. scincoides is 
from Hewes and Schwenk (submitted). Gape phases are average ±S.D. across all 
individuals within each species. Protrusion fades into SOI because in some cases the 
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Figure 2.11 Tongue retraction in P. vitticeps (A-D) compared to T. scincoides (E-H), 
illustrating the difference in prey item trajectory. In P. vitticeps the prey item it abruptly 
flipped ventrodorsally with a very small amount of contact between it and the tongue, 
whereas in T. scincoides the tongue and prey item are retracted posteriorly as a unit 
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Figure 2.12 Tongue-prey contact area in iguanians compared to T. scincoides. 
Iguanians (A = P. vitticeps, B = S. malachiticus, C = A. agama) have very little surface 
area contact between the tongue and the prey item, indicated by the red arrow. 
Conversely, T. scincoides (D) has extensive tongue prey contact, indicated with red 
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Figure 2.13 Differences in tongue-prey contact and adhesion in T. scincoides and P. 
vitticeps. T. scincoides (A-B) has keratinous, imbricate papillae, indicated by red arrows, 
that do not appear to adhere individually to the prey item during contact or retraction. P. 
vitticeps (C-D) achieves adhesion of individual papillae to the prey item, shown by the 
red arrow in D, and copious mucus adhesion, shown by the yellow arrow in C, to adhere 
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Figure 2.14 Adhesion of the tongue to a glass plate following a lingual prey capture 
attempt in T. scincoides (A-D) and P. vitticeps (E-L). In T. scincoides the tongue peels 
off of the glass plate during retraction with no visible resistance by papillae or mucus. In 
P. vitticeps the papillae and mucus adhere to the glass plate and provide resistance to 
the tongue as it is pulled away. The papillae appear to have been stretched, as they 
form a visible hump in panels G-H after they detach from the glass. Individual papillae 
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